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Abstract
This thesis addresses the challenge of increasing capacity in a high-mix low-volume
semiconductor equipment assembly plant, without investing in additional floor space or labor
shifts. A hypothesis-driven methodology is used to analyze the factory operations and identify
factors limiting capacity. Based on the preliminary analysis, a hypothesis tree is developed.
Space, effective utilization of labor for assembly operations and inventory stock-outs are
identified to be the main factors limiting the plant's capacity. A factory simulation model is used
to estimate current capacity and identify imbalances in the assembly line design. A new layout is
developed which is capable of increasing throughput by 30% with five fewer assembly bays on
the shop floor. Implementing the new layout in addition to increasing the percentage of labor
hours devoted to assembly operations is expected to increase capacity by 36%. An improvement
in percentage of labor hours dedicated to assembly operations is observed to result in a greater
increase in throughput for the proposed layout compared to the current layout. Based on the
above findings, a comprehensive labor and space utilization strategy is presented to the
management for increasing plant capacity.
Line starvation or inflated operation times due to inventory shortage lowers the capacity of the
plant. Hence, a finished goods inventory policy is proposed based on the base-stock model to
effectively manage the high-volume assemblies which are made in the supermarket area on a
make-to-stock basis for downstream usage in the assembly line. Shortage of inventory at the
component level is found to be a major cause of stock-outs for these assemblies. A systematic
component level inventory policy is developed to improve the service level. The proposed
inventory policies are also expected to reduce expediting costs and total safety stock costs across
the bill of materials for the high volume assemblies.
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1. Introduction
Semiconductor equipment is manufactured in a high-mix low-volume environment at the Varian
Semiconductor Equipment business unit of Applied Materials (henceforth referred to as Varian).
Given the complexity and high degree of customization for semiconductor equipment, the
manufacturing is heavily dependent on skilled manual labor. Due to the growth in demand over
the years, Varian has been continuously improving its manufacturing practices, mainly focusing
on reducing the average tool labor hours and manufacturing lead time. Apart from benefits like
lower inventory, more streamlined operations, reduced opportunities for order changes from
customers and better responsiveness, Varian believes this will help increase the factory capacity
to meet demand growth with the existing resources.
The project is conducted by three students in the Master of Engineering in the Manufacturing
program at MIT - Venkataraman Ramachandran, Yiming Wu and Lohithaksha Chengappa at the
Varian Semiconductor Equipment business unit of Applied Materials in Gloucester,
Massachusetts. This thesis first presents the hypothesis-driven methodology followed to analyze
the complex operations of the plant and identify factors which were limiting capacity. The
resulting hypothesis tree is a useful tool to understand the high level issues faced in the plant and
break them down into mutually exclusive sub-problems. Based on this preliminary investigation,
the space and labor resource allocation is identified as a promising avenue for capacity
improvement. A model is developed to estimate the plant capacity based on the current layout.
Assembly line design improvements are identified which can yield significant increase in
throughput using a heuristic based approach. This is used to develop a roadmap to help the
management systematically increase capacity by effectively utilizing existing space and labor
resources. Inventory shortages on the assembly line are recognized to be the major barrier to
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realizing capacity. A pure pull system is developed to manage the finished goods inventory of
high volume assemblies on a make-to-stock policy. A safety stock holding policy is also
proposed for the component level inventory of the above assemblies managed by the MRP
system. The proposed inventory policies enable significant savings in inventory expediting and
safety stock costs while facilitating higher service levels on the assembly line. Chengappa's
thesis [1] looks at optimal management of labor resources to meet demand and develops a
framework for labor flexibility relevant to Varian's operations. Wu's thesis [2] proposes
solutions to the problem of inaccurate record of piece parts inventory in the MRP system.
This chapter first gives an introduction to the Varian Semiconductor Equipment business unit of
Applied Materials where the project was executed. The chapter begins with an overview of the
semiconductor capital equipment industry before elucidating the nature of the company's
operations, their product range and the significant business challenges faced by the company
which motivated this work. An outline of the major findings is presented in this chapter and the
structure of the complete thesis is laid out for the reader.
1.1 About Applied Materials - Varian Semiconductor Equipment
1.1.1 Semiconductor Capital Equipment Industry
Semiconductor fabrication refers to the process of creating integrated circuits (ICs) comprising
billions of miniature electronic devices on a wafer. The wafer fabrication process consists of
hundreds of processing steps, of which the most important steps are lithography, etching,
deposition, chemical mechanical planarization, oxidation, ion implantation, and diffusion [3]. In
addition, there are also important steps associated with die preparation, IC packaging and IC
testing [4]. There are about 18 different kinds of major equipment for semiconductor fabrication
[5].
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Applied Materials Inc., supplies semiconductor capital equipment to fabrication plants (fabs),
where integrated circuits are manufactured. The Varian Semiconductor Equipment business unit
of Applied Materials is the market leader in developing ion implantation machines.
Semiconductor manufacturers develop their own proprietary recipe to fabricate chips and
therefore, require customization for their fabrication tool. The semiconductor manufacturing
industry is dominated by several large companies, which have strong bargaining power over
upstream suppliers-semiconductor equipment manufacturers-on issues like price,
customization of tools and flexibility of delivery date. The necessity to comply with customers'
demands in terms of tool customization, engineering change orders, delivery date changes etc. is
a major challenge for the manufacturing operations of semiconductor equipment manufacturers.
This need for highly customized equipment leads to a high-mix low-volume manufacturing
environment where automation is impossible and majority of the assembly has to be done
manually.
1.1.2 Company Overview
Varian Semiconductor Equipment designs and manufactures ion implantation equipment which
is used in semiconductor chip fabrication. Ion implantation is a critical process of semiconductor
fabrication, in which the generated ions are accelerated by an electrical field and bombarded into
a solid substrate to change its physical, chemical or electrical properties [6]. Varian
Semiconductor Equipment Associates was acquired by Applied Materials in 2011. At the time of
its acquisition, Varian Semiconductor Equipment was the global leading ion implantation
equipment supplier, with highest market share in the High Current, Medium Current, High
Energy and Plasma Doping (PLAD) segments.
Globally, the semiconductor equipment industry witnessed high growth after the economic
slowdown of 2008 and 2009. Its worldwide revenue grew from $39.93 billion in 2010 to $43.53
billion in 2011. During this period, the global wafer processing equipment market segment
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increased 15% [7]. Varian's annual output of ion implantation machines increased drastically
from 2009 to 2010, and continued increasing from 2010 to 2011. The annual output of 2011 was
the highest in Varian's history. Varian expects this trend of increasing demand to continue in the
future.
1.1.3 Product Range
Varian is a high-mix low-volume manufacturer with a variety of product offerings. Varian
Semiconductor offers ion implanters in four categories: High Current (HC) technology, Medium
Current (MC) technology, High Energy (HE) technology, and PLAD technology. The current
determines the ion concentration on the wafer surface and the energy controls to the depth of
penetration of ions into the wafer. PLAD technology machines use plasma doping for ultra high
dose applications. Chen [8] summarizes Varian's product offerings as shown in Table 1.1. Even
within these broad product categories, each customer typically chooses 'options' and 'selects' to
customize the machine.
1.2 Motivation for Project
The global semiconductor equipment industry is highly cyclical in nature. Hence Varian has to
constantly live in an environment of fluctuating demand, with sporadic ramp-ups and ramp-
downs in production. The demand for ion implantation machines is expected to increase in the
future. Varian's objective is to increase capacity through improved operational efficiencies to be
able to meet the forecasted increase in demand without having to expand the footprint of the
factory or add labor shifts.
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Table 1.1: Varian's product offerings
1.3 Summary of Findings
The assembly line model that was developed to estimate the current capacity revealed a capacity
imbalance in the line design. Significant capacity improvement could be achieved by modifying
the line design to address this issue. We found assembly stock-outs on the line to be a major
impediment to achieving capacity improvements. Although Varian is a high-mix low-volume
manufacturer some assemblies are required frequently and in high volume on the module
assembly lines. The inventory policy utilized to manage the finished goods and component level
inventory of the high-volume fast moving assemblies was causing frequent stock-outs due to
suboptimal planning and operating parameters. Revising the inventory policy and its operating
parameters is expected to yield higher service level with lower overall safety stock costs.
1.4 Structure of Thesis
In Chapter 2, Varian Semiconductor's operations are described in detail. In Chapter 3, a
hypothesis tree is presented to structure the hypothesis of Varian's manufacturing challenges,
together with the methodology followed to solve the problem. Chapter 4 summarizes the
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High Current Medium Current High Energy Ultra High Dose (PLAD)(HC) (MC)
VIISTA HCP VIISTA 81OXP VIISTA 3000 XP VIISTA PLAD
200 mm 200 mm 200 mm 200 mm
VIISTA HCP VIISTA 810XP VIISTA 3000 XP VIISTA PLAD
300 mm 300 mm 300 mm 300 mm
VIISTA 900XP
VIISTA HCPv2.0 200 mm
VIISTA HCS VIISTA 900XP
300 mm 300 mm
theoretical background for the inventory management and assembly line design concepts used in
this project. In Chapter 5, a model is developed to estimate Varian's current capacity and is
validated. This model is then extended to provide a roadmap to the management to
systematically leverage layout and labor resources to maximize capacity. Chapter 6 and Chapter
7 deal with the problem of inventory shortages on the assembly line, which is the major
impediment to realizing capacity. Chapter 6 analyzes the inventory management policy for the
fast moving assemblies used on the line and recommends the optimal inventory level of finished
goods assemblies to minimize line starvation due to stock-outs. Chapter 7 examines the
inventory management policies at the component level to support the building of the above
assemblies. The recommendations and potential future work are presented in Chapter 8.
18
2. Description of Operations
This chapter is based on the author's knowledge of the operation of Varian's plant obtained
through observation and discussions with Varian's operators, supervisors and managers.
2.1 Gloucester, Massachusetts Facility
The Gloucester facility of VSEA-Applied Materials is dedicated to the design and
manufacturing of ion implantation machines. This facility consists of an assembly plant where
components purchased from suppliers across the world are assembled to produce the modules of
the ion implantation machine, which are then tested and shipped to customers. For new products
and specific customer requests, the modules are assembled and tested as a complete machine
before being disassembled into modules for shipping.
2.2 Production Planning
The sales team works closely with customers to identify what machines will be required by
which customer at what time. This information is used to develop a tentative six month sales
forecast for the machines. Build plans, which allocate machines to build bays and assign build
dates, are developed based on the forecasts. The configurations for the forecast builds are based
on previous purchases by the customer. However, the exact machine requirements are known
only when the customer places a machine order (or tool order) which contains details like the
date of delivery, configuration and price. If the forecasted demand for a machine does not
materialize, the machine is removed from the build schedule. This happens frequently during a
downturn in demand and leaves the company with excessive inventory on hand.
The common practice at Varian is for all the modules of a machine to be started on the same date
known as the 'laydown' date. The manufacturing lead time for each type of machine is known
based on prior experience. The laydown date is determined by working backwards from the
target shipping date with some margin built into the schedule to cover for inventory shortages
and quality troubleshooting while testing. Thus the schedule for a 6 month horizon is loaded into
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the Materials Requirement Planning (MRP) system which is continually revised. The parts
required to support the build are driven by the Materials Requirement Planning system. Based on
the Master Production Schedule and the build lead times, the system calculates the required
quantity for each component. By comparing the required quantity with the quantity on hand,
purchase orders are issued at the required date based on the delivery lead time.
2.3 Material and Information Flows.
A schematic of the production floor with material flow is shown in Fig 2.1 (not drawn to scale).
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Fig 2.1 Shop floor layout and material flow
The production floor at VSEA-Applied Materials is divided into different zones. Each of the
zones is dedicated to performing a specific task. They are summarized in Table 2.1
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Table 2.1 Work area description
Work Area Task Performed
Receiving Area Parts received from suppliers are de-trashed (unpacked) and recorded
in MRP system.
Supermarket Assemblies that go into the modules sales are built and tested.
(SMKT)
Mixed Module Line Building and testing of 90 Degree, 70 Degree and Facilities modules
for High Current (HC) machines
Building and testing of Beam line and Terminal module for Medium
Current (MC) Machine
Building and testing of Gas Box module for both HC and MC
machines.
Universal End Building and testing of End Station module for all machine types.
Station Line
Air Shower Modules are disassembled, wiped and cleaned. Seismic kits are
installed.
Clean Room Modules assembled and tested for full build machine orders.
Shipping Area Final inspection, packaging and crating of modules for shipping.
2.3.1 Receiving Area
The receiving area is the part of the facility where parts from external suppliers are received.
Crates sent by suppliers are unloaded and the parts are sorted. Parts addressed to Building 80
warehouse are separated and sent over. Parts addressed to Building 35 (location of the shop floor
being described) are unpacked and checked against the order sheet. The parts received are
recorded and logged onto the MRP system. If any of the received parts are urgently required on
the shop floor, they are immediately sent over. Other parts are stacked into their designated
storage locations in the supermarket storage area or MOD storage area.
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2.3.2 Supermarket
In manufacturing terminology, a supermarket usually refers to the storage location from which
workers can pick up parts when required, which would then get replenished, similar to a
commercial supermarket store. At Varian, the supermarket also includes the area which builds
and tests the assemblies needed for final assembly of the machine in the Mixed Module line and
Universal End Station (UES) line or to be sold as spare parts. Shop orders are issued by
production control, which contain details of the assemblies to be built by the supermarket area
five days before the laydown date. A shop order is a list of assemblies to be built and also has
details of the parts required to build each assembly, their quantity and location on the material
rack. The 'kit picker' picks the required parts for each assembly in the right quantity from the
storage location, arranges it in a kit tray which is then delivered to the assembler. There are 32
assembly desks in the supermarket. Any assembler is capable of building any assembly with the
exception of a few assemblies which can only be built by certified assemblers. Certain types of
assemblies need to be tested before they are delivered downstream. There are generic test stands
for performing these tests.
2.3.3 Mixed Module Line
The Mixed Module line or Flow line refers to the area of the floor where the 70 Degree module,
90 Degree module, Facilities module (for High Current machines), Beam line and Terminal
Module (for Medium Current) and Gas Box module (for both High Current and Medium Current
machines) are built. The term Flow Line is a misnomer, since the modules do not 'flow' down
the line from one work station to the next. The entire module is built up on a single bay and then
moved to a test bay.
The frame or High Level Assembly (HLA) on which the module is built is brought to the
designated build bay on the laydown date. The shop orders for assemblies supplied by the
supermarket are issued 5 days before the laydown date and are thus expected to be available on
the laydown date. Some of the high-volume fast moving assemblies are managed on a make-to-
stock basis by the supermarket and are always expected to be available for use in the 'Gold
Squares'. Parts required from the warehouse are pulled 24 hours in advance of laydown using the
Z Pick kit codes. Parts required from MOD storage area are pulled using Z Pick lists. Inventory
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required for build is stored in shelves adjacent to the bays. There is typically one person working
on building the module at any given time. On completion of the build process, the module is
moved to a test bay where it is powered up and a functional test is performed. Any quality
problems or defects found are resolved before shipping to the customer.
2.3.4 Universal End Station (UES) Line
The End Station module is required for every type of machine. End station modules for every
product type are built on the same line and hence it is referred to as the Universal End Station
Line. The UES line is the bottleneck of the factory. The End Station module is made up of many
sub-modules. The UES Line functions like a flow line. Each of the sub-modules are built up in
parallel and then integrated. Once the sub-modules are integrated, harnessing is performed.
Harnessing is the bottleneck process within the UES line. Each machine must be harnessed
according to the options and select chosen by the customer. It is a highly specialized task which
only a few workers are qualified to perform. It is the task which generally takes the longest time.
After harnessing, a functional test of the module is performed. Any defects or quality problems
found at this stage are resolved before shipping to the customer. The time spent by the module in
the test bay depends on the quality problems found and the rework that needs to be done to
resolve the problem.
The frame or High Level Assembly (HLA) on which the module is built is brought to the
designated build bay on the laydown date. The shop orders for assemblies supplied by the
Supermarket are issued 5 days before the laydown date and are thus expected to be available on
the laydown date. Some of the high volume fast moving assemblies are managed on a make-to-
stock policy by the supermarket and are always expected to be available for use the 'Gold
Squares'. Parts required from the warehouse are pulled 24 hours in advance of laydown using
the Z Pick kit codes.
2.3.5 Shipping
Once the modules have come off the line after test, they are prepped for shipping. The modules
are placed in the air shower where they are wiped and cleaned. Quality checks are performed
before the modules are wrapped and crated. Spare assemblies which need to be shipped along
with the machine are also included in the crate.
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2.4 Inventory Management
Varian has parts inventory stored at multiple locations in the facility summarized in Table 2.2
Table 2.2 Inventory Locations
Location Part Types
Building 80 Small parts required in supermarket or downstream assembly lines
Building 5 & 70 Large size parts like machine enclosures
MOD storage area Parts needed on Flow Line
Supermarket Majority of parts used for supermarket assembly building are stored
storage here.
Line Side Fast moving parts used on Flow line and UES assembly line.
Inventory
Gold Squares Stock of fast moving high volume assemblies made by supermarket for
Flow Line and UES line. Managed on make-to-stock basis.
Machine Racks Stores all parts made by supermarket for downstream assembly except
those on Gold Squares. Managed on make-to-order basis.
2.4.1 Kit Codes
In order to simplify the pulling of parts from different storage locations, the parts have been
organized into kit codes. A kit for a module can consist of anywhere between 1 to 300 parts.
There are two types of kit codes: Z Pick kit codes and Z Pick lists. Z Pick kit codes are for parts
stored in external storage locations like buildings 80, 70 and 5 and are pulled 24 hours before
machine laydown. Z Pick lists are for parts in internal storage locations like the MOD storage
area.
2.4.2 Gold Squares - Make-to-Stock Inventory Storage Shelf
Gold Square refers to the finite buffer for storing a particular assembly made in the supermarket.
The high-volume fast moving assemblies built in the supermarket are managed on a make-to-
stock basis. These assemblies are always expected to be available on special shelves called 'Gold
Squares' where they can be picked up whenever required by the assemblers. Consumption of an
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assembly on the Gold Square creates a vacancy on the shelf, which is a signal for the
supermarket to build one more assembly of that type to replenish the Gold Square. Thus it is
designed to be a pull system such where inventory is 'pulled' by consumption as opposed to
being 'pushed' according to the production schedule.
2.4.3 Piece Parts Management
The supermarket storage area holds inventory of parts required for building assemblies in the
supermarket. There are four inventory management systems for these parts
1. Materials Requirement Planning (MRP) system - Based on the production schedule at the
machine level, the quantity and time of requirements of parts in the lower levels of the
bill of materials is known. By comparing the inventory on hand, the quantity that needs to
be ordered is computed. The replenishment order is placed based on the delivery lead
time.
2. Two Bin Kanban System - This is a pull system with the Kanban bins sized to hold two
weeks' worth of inventory. When the parts in the first bin are consumed, an order is
triggered to replenish it and the second bin is used. The second bin is expected to hold
enough inventory to satisfy demand until the first bin is replenished.
3. Vendor Managed Inventory (VMI) - these parts are completely managed by the vendor
who has visibility to the current inventory levels and consumption rate in the factory.
Small inexpensive parts required in large volumes like nuts, screws etc are typically
managed in this way.
4. Consignment System - Varian has an agreement with certain vendors to store an
inventory of these parts in the factory but pay for them only when they are actually
consumed. The company would however partially compensate the vendor if the parts
were to go unused.
2.5 Labor
Varian has 5 work shifts as summarized in the table below
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Table 2.3 Work Shift Hours
Shift Days Duration
I Monday - Friday 0700 -1530
II Monday - Friday 1500 -2330
III Monday - Thursday 2300 - 0730
IV Fri-Sat-Sun; Sat - Sun-Mon; Sat- 0700 - 1900
Sun- Wed.
Different areas of the shop floor work on different shift cycles as shown in Table 2.4
Table 2.4 Line Work Hours
Area Shifts
Receiving Area 1,11 and IV
Supermarket Area 1,11 and IV
Mixed Module Line I,1I and IV
Universal End Station Line 1,11,111 and IV
Shipping Area 1,11 and IV
26
3. Preliminary Analysis and Hypothesis Tree
In this chapter, we describe the hypothesis-driven analysis that was adopted to identify,
understand and formulate solutions for the issues that Varian was facing.
This chapter is organized as follows: the overall problem statement and the hypothesis-driven
methodology used to analyze the problem are presented in Section 3.1. The initial hypothesis-
driven breakdown of the overall problem statement into its contributing factors is presented in
Section 3.2. An updated hypothesis-driven breakdown of the problem statement based on the
observations at Varian is described in Section 3.3.
3.1 Overall Problem Statement
The problem that was presented to the team by Varian was insufficient production capacity to
meet future increase in demand and is henceforth referred to as Varian's overall problem. For the
purposes of this thesis, production capacity is defined as the number of machines that can be
produced at Varian's production plant in a given year.
3.1.1 Problem Statement Validation
We evaluated Varian's overall problem through detailed interviews with Varian's manufacturing
management team and shop floor employees. We believed that it was pertinent to determine that
the problem being addressed is valid and pressing. We also believed that it was important to
ensure that distinctive and positive impact to Varian's bottom line would be possible by solving
the problem presented.
Based on interviews and observations, we decided that insufficient production capacity was
indeed a pressing and critical problem that would have a direct impact on Varian's bottom line.
Increasing the production capacity within the confines of current space1 would allow the
This constraint was s)ecified by Varian as their production floor space is currently limited.
27
company to service more customer orders without added capital expenditure. It would also allow
Varian to utilize its current resources more effectively and efficiently thereby reducing operating
costs. Hence, through the increase of production capacity without expanding the factory
footprint, the company can secure large savings in capital expenditure and operating costs while
increasing revenues by being able to ship more machines per year.
3.1.2 Hypothesis-driven Methodology
Given the complexity of Varian's operations, we decided that Varian's problem should be
broken down into components to aid the understanding of the underlying issues that contribute to
insufficient production capacity. We formulated a hypothesis-driven approach in order to ensure
the effectiveness and efficiency of the problem breakdown process [9]. The approach formulated
is illustrated in Figure 3.1 and Figure 3.2 and is described in detail in the rest of this section.
3.1.2.1 Overall Problem Definition
The Varian's overall problem was the problem of the plant's insufficient production capacity.
This was the problem that we defined and used for the purposes of the hypothesis-driven
approach.
3.1.2.2 Hypotheses Formulation
We decompose the overall problem into several alternate contributing hypotheses, with each
hypothesis being a reason for the problem of insufficient capacity. We took care to ensure that
each contributing hypothesis was mutually exclusive so that each hypothesis represented a
distinct path without any overlap between hypotheses.
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Fig 3.1: Hypothesis-driven methodology (Part 1)
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3.1.2.3 Hypotheses Breakdown
We broke down each formulated hypothesis into contributing hypotheses and each contributing
hypothesis was in turn further broken-down into contributing sub-hypothesis and so on till the
most basic issues for each hypothesis were reached. This was done to ensure that the root causes
for the overall problem, as represented by the lowest level hypotheses, were clearly identified
and understood. The resulting hypothesis tree from this process is shown in Figure 3.3 and is
described in detail in Section 3.2.
3.1.2.4 Hypotheses Ranking
We ranked each formulated hypothesis from I to n in the order of the probability of correctness
(where I is most likely and n is least likely). Once ranked, we evaluated the hypotheses in that
order. This was done to ensure effective use of time as the most probable hypothesis would be
evaluated and addressed first. This approach also ensures that each hypothesis is thoroughly
investigated before moving on to the next hypothesis.
3.1.2.5 Data Collection for Testing
In order to test the hypothesis under investigation, we first determine what data would be
required. Once we have determined what data would be required to test the hypothesis, only that
data is then collected through interviews, observations, and from the company's Material
Requirements Planning system. This ensures that we do not collect and compute excessive and
irrelevant data.
3.1.2.6 Hypothesis Testing
Once we collect the necessary data, we test the hypothesis being investigated with that data. If
the hypothesis is validated, we advance the hypothesis to the next step in the methodology which
is solution development. If the hypothesis is invalidated, we select the next hypothesis in the
rank order for investigation and we restart the loop.
3.1.2.7 Solution Development
Once a lowest level hypothesis of the cause of Varian's overall problem has been validated, we
formulate the validated problem in mathematical terms, model the system and then solve the
mathematical problem. Once the mathematical problem has been solved, we translate the
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solution into real-world actions. If the results appear to provide a possible improvement over the
current situation, we advance the solution to the next step which is implementation. If the results
do not appear to provide a possible improvement over the current situation, we propose a new
solution and we restart the loop. After four iterations of the solution loop, if possible
improvements do not seem possible, the hypothesis is then invalidated and we investigate the
next hypothesis in the rank order.
3.1.2.8 Solution Implementation and Impact Analysis
If possible we implement the solution which appears to provide a possible improvement over the
current situation through a pilot project in collaboration with Varian and the impact of the
implemented solution is observed. If the implemented solution provides a significant positive
impact to the company, we advance the solution to the next step of the methodology which is
finalization. If the implemented solution does not seem to provide the expected impact, we first
check the implementation to ensure correctness. If the implemented solution still does not have
the expected impact, we invalidate the solution, propose a new solution and restart the solution
loop. It is also possible that the hypothesis for which the solution was proposed was invalid.
3.1.2.9 Finalization and Stakeholder Briefing
We refine and finalize the first solution whose implementation provides a positive impact to the
company. We develop a detailed roadmap and implementation plan for the solution and
thoroughly brief all the stakeholders at the company with respect to the problem and the solution
so as to ensure continuity and sustainability of the solution. Once a solution has been finalized, if
there are other hypotheses left to be investigated, we select the next hypothesis in the rank order
and restart the loop.
3.2 Hypothesis tree
Based on the approach outlined above, we formulated several alternate hypotheses to understand
the overall problem of insufficient production capacity and breakdown each hypothesis into
several contributing sub-hypothesis before ranking them in decreasing probability of correctness.
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A hypothesis tree illustrating the breakdown of the overall problem was developed and is
illustrated in Figure 3.3.
We developed the hypotheses through micro and macro-level observations of the production
floor and its working as well as through detailed interviews with Varian's manufacturing and
materials managers and shop floor employees. We structured the hypothesis tree such that each
branch is located based on the rank order of the probability of correctness of the hypothesis with
a higher branch having a higher probability of correctness than a lower branch. This allows for
clear understanding of the hypothesis tree and provides a visual sense of the importance of the
various hypotheses being investigated. Each branch of the hypothesis tree is described in detail
in the rest of this section.
3.2.1 Excess Lead time2
Lead time, for the purposes of this thesis, is defined as the time between machine laydown until
the machine is ready for shipping. Interviews with Varian's manufacturing management team
and shop floor employees revealed that Varian believed excess machine lead time to be an
important contributing factor to insufficient production capacity. It was believed, by Varian's
managers and employees, that reduction in lead time would allow the company to increase its
production capacity without adding space. This led us to select lead time as a hypothesis for
insufficient production capacity. We then investigated the lead time hypothesis and parsed it into
its contributing hypotheses, starvation and blockage.
3.2.1.1 Line Starvation
Starvation, in this context, is defined as the situation when a part required for the assembly of the
machine is not available at the time when it is required. In most cases of starvation, the workers
assembling the machine will work around the missing part and the missing part will be
assembled into the machine at a later time when it arrives. This could cause an increase in the
lead time due to a number of reasons. First, when a worker has to work around a missing part,
the worker is not following standard procedure and this adds time to the task. Second, when the
missing part arrives at a later time, some amount of work done must be undone and redone to
assemble the part into the machine and this adds further time to the task. Finally, working around
2 Lead tine was later replaced by effective operation time and this change is discussed in Section 3.3.
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a part, undoing and redoing assembly work increases the possibility of quality issues and
identifying and resolving these quality issues also adds time and cost to the process. Hence, a
case of starvation that causes a worker to work around a missing part could increase the lead
time of the machine.
An extreme case of starvation is when a worker assembling a machine cannot work around a
missing part and is forced to wait for the part to arrive. This adds considerable time to the
assembly task and could considerably increase the lead time of the machine tool. Hence, we
selected reduction in starvation as a hypothesis to reduce lead time. We then investigated the
starvation hypothesis and divided it into two contributing hypotheses, (A) Gold Squares and (B)
warehouse, line-side, and machine racks, based on the source of the starvation.
3.2.1.1.A Starvation due to Gold Squares
Gold Squares are finite buffers of specific sizes for the high-volume assemblies that are produced
by the supermarket build area for consumption on the assembly lines. We determined that
reducing starvation due to Gold Squares would require: (I) improving the availability of piece
parts to make the Gold Square assemblies at the supermarket, (II) optimizing the size of the Gold
Squares, and (III) improving the planning of the Gold Square management process. We then
further broke down each contributing hypothesis into its constituent sub-hypotheses.
3.2.1. .A.I Suboptimal Availability of Piece Parts
Piece parts are the constituent parts that are used to make the assemblies at the supermarket build
area. We hypothesized that improving the availability of piece parts would depend on improving
the performance of the supplier of the parts, improving the accuracy of the inventory records for
the parts and optimizing the inventory policy for the piece parts and hence these were selected as
the contributing hypotheses for the piece part hypothesis.
3.2.1. .A.I Suboptimal Gold Square Size
The Gold Squares are sized every three months using a safety stock formula that assumes a lead
time of 1 week and a 95% service rate. We concluded that optimizing the Gold Square sizes
would depend on considering the effect of lead-time and supermarket yield on the Gold Square
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size and hence these were selected as the contributing hypotheses for the Gold Square size
hypothesis.
3.2.1. l.A.III Suboptimal Planning
The planning of the manufacture of the Gold Square assemblies at the supermarket build area is
performed by the production control team in association with the supermarket supervisor. We
hypothesized that improving the planning of the manufacture of the Gold Square assemblies
would depend on optimizing the labor available at the supermarket, developing a clear
prioritization system for the manufacture of the assemblies and optimizing the production control
policy for the Gold Square assemblies and hence these were selected as the contributing
hypotheses for the planning hypothesis.
3.2.1.1.B Starvation due to Warehouse, Line-side and Machine Racks
Warehouse parts are parts that are stored in Varian's warehouses, line-side parts are parts that are
stored directly on the assembly lines, and machine rack parts are parts that are produced by the
supermarket build area that are stored in racks on the production floor. We determined that
reducing starvation due to the warehouse, line-side and machine racks parts would require: (I)
optimizing the inventory policy of the respective parts and (II) improving the planning system
for the respective parts. We then further broke down each contributing hypothesis its constituent
hypotheses.
3.2.1.J.B.I Suboptimal Inventory Policy
The inventory policy hypothesis deals with the various inventory policies that are in place to
manage the warehouse, line-side and machine racks parts. We concluded that optimizing the
inventory policy of the parts would depend on improving the performance of the supplier of the
parts, considering the lead-time of the parts, and considering the quality of the part and
reliability of the supplier and hence these were selected as the contributing hypotheses for the
inventory policy hypothesis.
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3.2.1. 1.B.II Suboptimal Planning
The planning of the warehouse, line-side and machine racks parts is performed by the materials
management team in association with the manufacturing engineering team. We hypothesized that
improving the planning for these parts would depend on improving the parts forecast, optimizing
the inventory handling systems for the parts and improving the internal communication between
assemblers, supervisors and the material handling group with respect to part shortages and hence
these were selected as the contributing hypotheses for the planning hypothesis.
3.2.1.2 Blockage
Blockage, in this context, is defined as the situation where a machine is not able to advance to
the next step in its assembly production sequence because the bay required for it is occupied by a
lower priority machine. This adds considerable waiting time to the production sequence and
could increase the lead time of the machine. Hence, we selected reduction in blockage as a
hypothesis to reduce lead time. We investigated the blockage hypothesis and identified its
contributing hypothesis, Production Planning.
3.2.1.2.A Suboptimal Production Planning
Production planning is the process of determining the production schedule and mix for the
factory. We concluded that reducing blockage due to production planning would require
optimizing the scheduling of the machine production and hence this was selected as the
contributing hypothesis for production planning.
3.2.1.2.A.I Suboptimal Scheduling
The plant's production schedule is determined by Varian's materials management team in
association with the manufacturing engineering team. We hypothesized that optimizing the
production schedule would depend on improving the accuracy of the machine tool forecast,
considering the impact of order changes on the production schedule, considering the impact of
capacity on the production schedule and optimizing the master production schedule of the
factory and hence these were selected as the contributing hypotheses for the scheduling
hypothesis.
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3.2.2 Suboptimal Operations Management
Operations Management, for the purposes of this thesis, is defined as the effectiveness of the
usage of the various resources that are available to the company. Varian's managers believed that
improvement in operations management would allow the company to increase its production
capacity and hence we selected suboptimal operations management as a hypothesis for
insufficient production capacity. We investigated the operations management hypothesis and
parsed into its contributing hypotheses, suboptimal use of space and suboptimal use of labor.
3.2.2.1 Suboptimal Use of Space
Space, in this thesis, is defined as the amount of available production floor space for production
of assemblies and machine and for material storage. The suboptimal use of space could lead to
insufficient production capacity and hence, we selected suboptimal use of space as a hypothesis.
We then investigated the space hypothesis and divided it into two contributing hypotheses, (A)
suboptimal layout and (B) suboptimal material management.
3.2.2.1.A Suboptimal Layout
The layout, in this thesis, is defined as the way the entire production floor is designed and
utilized. We detennined that improving the layout would require: (1) optimizing the line
balancing of the assembly lines and (II) optimizing the design of the layout.
3.2.2.1.B Suboptimal Material management
Material management, in this thesis, is defined as the way materials are stored and managed in
the factory. We concluded that improving the material management would require: (I) improving
communication with respect to materials movement and (II) optimizing the organization of the
materials.
3.2.2.2 Suboptimal Use of Labor
Labor, in this thesis, is defined as the number of available direct-labor employees for the
production of assemblies and machines. The suboptimal use of labor could lead to insufficient
production capacity and hence, we selected suboptimal use of labor as a hypothesis.
We investigated the suboptimal use of labor hypothesis and divided it into two contributing
hypotheses, (A) suboptimal labor allocation and (B) suboptimal labor efficiency.
3.2.2.2.A Suboptimal Labor Allocation
Labor Allocation, in this thesis, is defined as the way labor is allocated to the different tasks in
the factory. We determined that improving labor allocation would require: (1) improving the
labor resource planning and (II) improving the flexibility of the labor.
3.2.2.1.B Suboptimal Labor Efficiency
Labor Efficiency, in this thesis, is defined as the efficiency with which the direct-labor
employees complete their designated tasks. Improving the efficiency would require: (I)
improving the morale of the employees, (II) reducing the learning curve required to perform the
tasks and (III) optimizing the build and test procedures used in the production process.
3.3 Updated Hypothesis Tree
Over the course of the work carried out at Varian, we explored and tested several branches of the
hypothesis tree as per the procedure outlined. We validated certain branches and developed
solutions accordingly. We also invalidated certain branches and developed appropriate alternate
hypotheses to accurately explain the conditions on the production floor. Hence, an updated
hypothesis tree was developed to illustrate the breakdown of the problem statement with the
alternate hypotheses that were established and is shown in Figure 3.4.
As can be seen in the updated tree shown in Figure 3.4, several changes have been made from
the initial hypotheses tree that was shown in Figure 3.3. The two significant changes in the
updated hypothesis tree are the modification of the lead time hypothesis branch to effective
operation time and the operations management hypothesis branch to cycle time. The lead time
branch was modified because it we found that starvation and blockage on the production floor
would lead to an increase in effective operation time and the operations management branch was
modified because we found that an improvement in Varian's production floor operations
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management would lead to an increase in production capacity only if the improvement in the
operations management leads to a decrease in the cycle time.
The sub-hypotheses under cycle time are the same as that of operations management except for
the build and test procedures sub-hypothesis. We concluded that any improvement in the build
and test procedures would lead to a decrease in effective operation time and hence that sub-
hypothesis was moved accordingly. The other sub-hypotheses under cycle time were left
unchanged. The sub-hypotheses under starvation and blockage were also left unchanged.
3.4 Task Split-up
The work at Varian was carried out in a team of three as explained in Chapter 1. The hypothesis
tree was developed collaboratively as a team. Initially, the team worked together to explore some
branches of the hypothesis tree before exploring other branches individually. As mentioned
earlier, the hypotheses were explored in their rank order of their probability of correctness and
hence the effective operation time branch was explored as a team first. Under the effective
operation time branch, the Gold Squares sub-hypothesis was explored as a team and the
collaborative work done in understanding and developing solutions for the gold squares sub-
hypothesis is presented in Chapter 6.
The other branches of the hypothesis tree were explored individually to enable efficient and
effective use of the team's time at Varian.
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The author's work in Chapter 5 focuses on developing a model to estimate the current model and
presenting a roadmap which can be utilized by the management to systematically increase
capacity in response to demand by leveraging existing space and labor resources. The author
then focuses on developing a comprehensive inventory policy to manage the inventory of the fast
moving high-volume assemblies used on the line to minimize capacity limiting shortages while
reducing safety stock and expediting costs in chapters 6 and 7. Chengappa's work [1] concerns
minimizing labor cost for meeting demand and developing a model to understand labor
flexibility in the context of Varian's operations. Wu's thesis [2] is focused on the problem of
inaccurate on hand record of piece part inventory in the MRP system.
3.5 Summary
In this chapter, we present the preliminary analysis and hypothesis-driven approach that was
adopted to identify, understand and form solutions for the problem of insufficient capacity that
Varian was facing. The hypothesis-driven approach is outlined and the initial hypothesis tree that
was developed is described. Each branch and the different sub-hypotheses of the hypothesis tree
are detailed and highlighted. The subsequent updated hypothesis tree that was developed over the
course of the work at Varian is then presented and the changes from the initial hypothesis tree
are explained. Finally, the task split-up in exploring and developing solutions for the various
branches of the hypothesis tree is presented and described.
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4. Review of Theoretical Background
This chapter presents the theoretical background behind the concepts used in this project for
analyzing the problems in the plant and developing recommendations.
4.1 Inventory Policies
Simchi-Levi et al [10] provides a detailed discussion of cycle stock, safety stock and the basic
inventory management strategies. These concepts are summarized below
4.1.1 Cycle Stock and Safety Stock
Cycle Stock refers to the quantity of inventory that needs to be kept on hand in order to meet
demand during the lead time. Safety stock refers to the quantity of extra inventory above the
cycle stock which must be kept on hand to prevent stock-outs due to variations in demand [10].
4.1.2 Periodic and Continuous Review policies.
One of the major topics addressed in this thesis is the inventory management at the level of Gold
Square Assemblies and piece parts. The Gold Square system is set up to function as a pull system
as described in Chapter 6. A review of the two commonly used inventory strategies - the
Continuous Review Policy (also called Q-R policy) and the Periodic Review policy (also called
base-stock policy) as explained by Simchi-Levi et al is presented below [10]
For Q-R inventory policy, Q is a given fixed ordering quantity, and R is the re-order point to be
chosen. The inventory is replenished for quantity Q once its level drops below re-order point R.
The Q-R policy is pulled by demand, and its equations are shown as,
The re-order point R is given by,
R = pL + zon4I 4.1
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The average inventory level of Q-R policy is,
2-+ZrV~i4.2E[I] = - + ZoV .2
Where,
- the demand rate
a - the standard deviation of demand
z - the safety factor
L - the lead time of an ordering quantity Q
Q - the fixed ordering quantity
The base-stock policy is a pull policy, where the inventory level is reviewed periodically and
replenished back to the base-stock level. Both the review period and the base-stock level are
fixed and can be reviewed to change after a certain period of time.
The base-stock level is given by,
B = p(r + L) + zu (r+L) 4.3
The average inventory level is given by,
r[I]= (r+L) 4.4
where,
p - the demand rate
a - the standard deviation of the demand
z - the safety factor
L - the lead time of an ordering quantity Q
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r - the fixed reviewing period
4.1.3 Risk Pooling
Risk pooling is the strategy of aggregating demand across customers, geographic regions, SKUs
or time with the aim of reducing demand variability. This is based on the assumption that high
demand from one source will be offset by low demand from another. This allows for a reduction
in safety stock and therefore the average inventory [10].
4.2 Assembly Line Design
Hopp and Spearman [11] discuss the basic principles of factory behavior which relate cycle time,
line capacity and line throughput. These concepts are summarized below and illustrated with an
example.
Consider a serial assembly line. The product starts from one end of the assembly line and flows
to the other end. At each station, a certain assembly operation is performed on the product
requiring a deterministic process time. Each station may have one or more machines to perform
the designated task. The data for the line is shown in Table 4.1 [11].
Table 4.1 Example assembly line
Station No of Machines Process Time Cycle Time Station capacity
No (hrs) (hrs) (Jobs/hr)
1 1 3 3 0.33
2 2 8 4 0.25
3 5 15 3 0.33
4 1 0.5 0.5 2
Hopp and Spearman explain that assuming the line is not starved,
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The cycle time at a given station in hours is given by
C.T station Process Time station 4.5
Number of Machines
The cycle time of the line is equal to the maximum of the cycle time of all the stations.
The capacity of a station in jobs/hour is given by,
Capacity station 1 4.6
C.T station
The bottleneck station of the line is defined as the one which has the lowest capacity. The
bottleneck need not always be the station with the longest processing time or the least number of
machines. In the above described assembly line, the longest cycle time operation is Operation 2
(4 hrs) and this defines the cycle time of the assembly line. Hence it is the bottleneck operation.
Thus the throughput from this assembly line is equal to the throughput of the bottleneck
operation i.e. 0.25 jobs/hr.
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5. Capacity Analysis
5.1 Problem Statement
The challenge facing the Varian management is to increase the capacity of the facility in order to
be able to meet upswings in demand in this highly cyclical industry. Hence the MIT intern team
was tasked with the challenge of recommending actions to increase the capacity of the
Gloucester assembly plant using the existing resources (without adding to the total floor space or
additional labor shifts.)
The Varian management currently flexes throughput in response to demand using the following
levers - overtime, labor utilization and temporary contractors. Varian defines labor utilization as
the percentage of labor hours that are 'billed' to some machine. Whenever a worker does any
build or test work on a machine, it gets billed to that machine number. Activities like team
meetings, training and shop floor maintenance do not get billed to a machine and account for the
complement of the labor utilization percentage. The management does not believe in the policy
of hiring and firing labor in response to fluctuations in demand. The schedule is level loaded as
much as possible. In order to cope with production ramp-ups, contract laborers are hired,
workers are asked to work overtime, labor utilization is improved and sometimes additional
shifts are added. During a ramp-down, the temporary workers are relieved of their duty and
utilization is intentionally lowered by engaging workers in activities like shop floor maintenance,
training and team meetings.
No systematic changes are made to the assembly line design during a ramp up or ramp down in
production. There exists a well defined assembly line design (referred to henceforth as the
existing design) with specific bays marked out on the floor for each type of operation. However
bays are added or removed as per requirement at the discretion of the line supervisor, with no
apparent consideration to cycle time implications.
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Optimal assembly line design is essential to maximizing capacity. To increase throughput, it is
important to understand the labor hours required for each task, the bottleneck operation and cycle
time of the assembly line. Additional assembly bays or reductions in operation times for a
bottleneck operation will only increase throughput as long as the cycle time for that operation
remains the highest in the line. Beyond this point, a different part of the line has the highest cycle
time and begins to limit the throughput. The aim of this analysis is understand how the assembly
line design and labor utilization can be modified to increase capacity.
5.2 Methodology
The hypothesis-driven methodology outlined in Chapter 3 was followed to address the problem
of increasing capacity. Based on the observations of low utilization of certain bays and a large
number of completed modules waiting test or shipping on the shop floor, it was hypothesized
that a suboptimal assembly line design could be limiting capacity. A simple cycle time analysis
of the UES line revealed the capacity imbalance in the line. Thus, the hypothesis was validated
and a detailed study of the assembly line design was then done to address the problem.
The goal of this work is to present a roadmap for the management to maximize the capacity of
the assembly plant to be able to meet increase in demand without investing in additional floor
space or labor shifts.
The first step is to develop a model to estimate the current capacity of the facility based on the
existing labor shifts and layout. The model is then validated by comparing the results with actual
throughput observed. The next step is to increase capacity with an improved assembly line
design having lower cycle time. A heuristic is proposed to identify a line design which increases
capacity subject to total floor space constraints. The capacity is further maximized using lever of
labor utilization, to estimate the realistic maximum capacity of the facility. The results of
capacity increase with higher labor utilization are compared for the existing and optimized
layout.
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5.3 Assembly Line Model
A simple assembly line model described in Section 4.2 of the literature review is used to analyze
the assembly line at Varian.
For an assembly line, the cycle time of any operation i requiring H hours and with B bays each
manned by I operator is given by
CTi= H/B 5.1
The throughput of the assembly line is given by
T = Available Time/ CTnax 5.2
where CTnmax is the highest cycle time in the line.
However, this simplified model assumes the operation time to be deterministic. In reality, this is
rarely the case. Each operation has a standard expected time during which it can be completed,
however this can vary depending on assembly shortages and the configuration of the particular
tool being built. To capture the effects of the variation in operation times on the throughput of
the line, a simulation model is developed using the assembly line simulation software - CellSim.
5.4 About CellSim Software
CellSim is a free to use factory simulation software developed by John 0 McClain of Cornell
University. A brief introduction and usage guide is also provided with the software and is
summarized below [12].
5.4.1 Inputs
CellSim is spreadsheet based simulation software. A cell can be designated either as a Machine
or a Storage Location. Machines have four properties: name, failure distribution, repair time
distribution and processes. Processes have numerous properties which can be input by the user
like name, lot size, batch size, setup times, two inputs, normal output, scrap output, and
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processing time distribution. The processing time distribution option allows the user to enter the
mean and standard deviation. The shape of the probability distribution can be chosen from
several options like Normal, Exponential, Erlang, Uniform etc. Storage Areas have three
properties: name, capacity and list of items. List of items have two properties: name and initial
stock.
5.4.2 Outputs
The software displays the status of each machine (setup, run, starved, blocked, down) and
inventory level in real time. At the end of the simulation, data on machine utilization, inventory
levels, machine performance etc. is exported to a worksheet for analysis. [13]
5.4.3 Running the Simulation
The user can control the simulation by entering the run length, run in period (time allowed for
system to reach steady state before collecting data) and the number of repetitions. .
5.4.4 Model Development
A model of the Varian assembly line was developed to be evaluated by CellSim. Each assembly
bay was modeled as a machine and the operations performed at the bay were modeled as
processes. The mean and standard deviation of the normally distributed operation times were
input. Storage locations before the first bay and after the last bay were given very large initial
stocks since it was desired to simulate the line for maximum capacity without shortages. The
storage locations between the bays were sized zero with no item stock. Due to the constraints in
the model which prevents more than two inputs to a process, if there are more than two
components to be assembled at a process, dummy process are needed to combine components
two at a time. These dummy processes have zero process times.
5.5 Current Capacity Estimate
The first step in this analysis is to estimate the current capacity of the plant. This is based on the
basic assembly line design and work shifts without overtime and the current average labor
utilization of each line. Since labor headcount is not constant, but is flexed in response to
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demand, it is assumed that manpower is available to completely staff the line on all shifts. The
average and standard deviation of labor hours for each task are arrived at either based on
observation of machines built over three months or reliable supervisor estimate in those cases
where no records were available.
There are two major assembly line areas on the shop floor - Mixed Module line and the
Universal End Station (UES) line. The UES line is where the End Station for every type of
machine (High Current, Medium Current, High Energy etc) is built hence it is called Universal
End Station line. The Mixed Module line is the area of the floor where the 70 Degree module, 90
Degree module and Facilities module of the High Current machines, Beam Line module and
Terminal module of the Medium Current machines and the Gas Box modules used for every
machine are built. For a detailed description of the operation of these assembly lines, refer to
section 2.3.
5.5.1 Assumptions
The assumptions made in this analysis are
1. A number of operations are involved in building a module. The operating time for each
process is assumed to be normally distributed. The mean is the standard work hours and
the standard deviation accounts for the product mix and delays due to shortages.
2. Each operation has one or more bays dedicated to it. Each bay is manned by one operator
who works on one module.
3. The simulation of the current state is run without constraining the assembly lines to
produce modules in the ratios needed to produce a set of machines. Instead all modules
are built independently of the number of other modules built and the plant build as any of
each module as possible in the available time.
4. Inventory of the machine frames is always available to begin the process of building the
module i.e. the line is never starved.
5. For the proposed layout, the product mix of High Current and Medium Current machines
is desired to be in a 3: 1 ratio.
6. Solion, High Energy and PLAD tools are not considered in this analysis since they have
low volumes and are built on a different line
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5.5.2 UES Line Model inputs
Layout
A schematic of the UES Line layout is shown in Fig 5.1. The UES module consists of 6 sub-
modules which are built up in parallel after which they are integrated, harnessed and tested. The
standard hours and number of bays for each operation is also shown in the figure.
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Fig 5.1 Current UES line layout
The cycle time for the main stages of the UES assembly line is shown in Table 5.1.
Table 5.1 UES cycle times
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Operation Cycle Time (hrs)
Parallel Build 70
Harnessing 62.5
Test 50
It is to be noted that the cycle times have been scaled for data confidentiality. From Table 5.1 it
is evident that there is significant cycle time imbalance in the UES assembly line.
Operation Time Distribution
The operation times for each operation in the UES line are summarized in Table 5.2. The
operation hours have been scaled for confidentiality reasons.
Table 5.2 UES operation times
Simulation Run Length
The assembly line performance was simulated over one financial quarter repeated 5 times.
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Operation Mean (hrs) Std Deviation(hrs)
Tool Rack 70 20
Electronic Rack 50 10
Top Chamber 70 10
Wafer Handler 55 10
Scan Integration 7.5 2.5(Bottom Chamber)
Frame Prep 25 10
Scan 40 5
Vertical Integration 12.5 2.5
Harnessing 375 75
Test 400 100
Table 5.3 UES hours available per quarter
A run in period of 100 hours was used for the system to reach steady state before collecting data.
The system is expected to reach a steady state by this time.
5.3.3 Mixed module line model inputs
Layout
A schematic of the mixed module line is shown in Fig 5.2
The mixed module line is made up of the following sub-lines: 70 Degree module sub-line, 90
Degree module sub-line, Facilities module sub-line, Gas Box sub-line, Beam Line module sub-
line and Terminal module sub-line. Gas Box modules are used in all products. A 70 Degree
module, a 90 Degree module and a Facilities module are part of High Current machines while a
Beam Line module and a Terminal module are part of Medium Current machines.
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Hours/week (H) 136
Weeks/Quarter (W) 13
Labor Utilization (U) 78%
Available Hours/Quarter (H*W*U) 1379
Fig 5.2 Current Mixed Module line layout
Operating Time Distribution
The standard times for each task in the mixed module line are outlined in Table 5.4. The
operation hours have been scaled for confidentiality reasons.
Table 5.4 Mixed Module Line standard operation times (Part 1)
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Operation Mean (hrs) Std Deviation (hrs)
70 Module Build 215 70
70 Module Test 60 15
90 Module Build 415 85
90 Module Test 240 40
Facilities Module 150 30
Build
Table 5.5 Mixed Module Line standard operation times (Part 2)
Operation Mean (hrs) Std Deviation
(hrs)
Facilities module test 60 30
Gas Box build 40 12
Gas Box test 40 20
Beam Line module 355 125
Build
Beam Line module test 160 60
Terminal module build 280 90
Terminal module test 200 80
Simulation Run Length
The assembly line performance was simulated over one financial quarter repeated 5 times.
Table 5.6 Mixed Module Line hours available per Quarter
A run in period of 100 hours was used for the system to reach steady state before collecting data.
The system is expected to reach a steady state within this time.
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Hours/week (H) 104
Weeks/Quarter (W) 13
Labor Utilization (U) 76%
Available Hours/Quarter (H*W*U) 1028
5.5.4 Simulation Results
The results of the simulation are shown in Fig 5.3. The individual throughputs of the UES line
and the Facilities line, Gas Box line, 70 Degree line, 90 Degree line, Beam line and Terminal
module lines comprising the mixed module line are shown. The values of throughput per quarter
for all the charts in this chapter have been blanked for confidentiality reasons. The red bars
represent the capacity limiting modules for the High Current and Medium Current machines. The
UES line, which limits the overall capacity of the plant is shown in green.
Fig 5.3 Simulation capacity results for current state
The capacity of the plant is limited by the UES since each machine requires one End Station and
also because of the fact that it has the greatest operation time. The capacity of the Mixed Model
line is the sum of the throughput of High Current machines (requiring a 70 Degree module, a 90
Degree module, a Facilities and a Gas Box module) and Medium Current machines (requiring a
Beam Line module, a Terminal module and a Gas Box module). This is expressed as
T mixed module = Min [(Min (T70 , T90 , Tfacilities) + Min (TbeamlineTterminal), Tgasbox)]
T plant = Min (TUES, T mixed module)
5.3
5.4
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where Tj = throughput of module j.
Fig 5.3 shows that there is a significant imbalance in the assembly line. The overall plant
capacity is limited by the number of UES modules that can be produced. However, the current
layout is designed to produce a much higher quantity of 70 Degree, Gas Box and Facilities
modules than the UES modules. Thus we can conclude that there is excess capacity in the Mixed
Module line compared to the UES line.
5.5.5 Analytical Model Results
Using the analytical model described by equations 5.1 and 5.2, the throughput for each operation
in the Mixed Module and UES line is obtained. While the simulation model gives the throughput
for the entire sub-line, for example Gas Box build and test sub-line, the analytical model gives
the potential throughput at each work station, for example Gas Box build and test individually.
This allows us to identify imbalances within a sub-line. Results of the analytical model are
shown in Fig 5.4 and 5.5. The simulation results are shown in red bars for comparison.
Figs. 5.4 and 5.5 show that the analytical model results are close to the results from the
simulation model. This can be seen by comparing the capacity of the Mixed Module Line in Fig
5.4 (Terminal test + Facilities test) and UES Line in Fig 5.5 (Tool Rack) with the line capacity
obtained from the simulation model in Fig 5.3 shown as red bars in Figs 5.4 and 5.5. The
simulation model throughput is slightly lower than the analytical model as a consequence of the
randomness in operation time. The analytical model also shows significant excess capacity in the
Gas Box build and test bays, 70 Degree module and Facilities module build bay. Similarly it
observed from Fig 5.5 that there is excess capacity in the UES line at Wafer Handler and Top
Chamber operations, which are much faster than the capacity limiting Tool Rack operation. The
findings of the model in Figs 5.4 and 5.5 also explain the observations made by the team on the
shop floor. There were excess 70 Degree modules and Gas Box modules on the floor waiting for
test and shipping. The Wafer Handler and Top Chamber modules were frequently lying
unattended. Since it is not possible to build more Top Chambers and Wafer Handlers than the
required UES modules, excess capacity was manifesting itself as unattended WIP.
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Fig 5.4 Mixed Module line individual bay capacities.
Fig 5.5 UES line individual bay capacities
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5.5.6 Model Validation
The simulation model is validated by comparing the results with the historical annual throughput
at Varian. It was found that Varian has the highest throughput in FY 2011, which was 95% of the
capacity predicted by the simulation model. The ratio of High Current machines to Medium
current machines in the simulation model is 2.8: 1, which is very close to the actual ratio of 3:1
on the Varian shop floor.
5.6 Development of Improved Layout
5.6.1 Assembly Line Design Heuristic
This sections aims at redesigning the layout of the assembly line at Varian to increase throughput
without additional floor space for the existing shift schedule and labor utilization levels without
overtime. The cost of assembly line design modification i.e. adding or removing bays is
negligible (except test bays) since no machines are used and all assembly operations are manual.
An assembly bay in the context of Varian's operations is simply an area marked on the shop
floor dedicated to a set of assembly operations. Since the company flexes its work force in
response to demand, it is assumed that it is possible to hire additional labor to ensure that the
optimal layout is fully staffed during the given work shifts.
A heuristic approach is used since there are only a few potential layout solutions which need to
be examined. In keeping with the tendency of management reluctance to drastic changes, it is
preferable to search the solution space close to the existing layout for a significantly better
throughput, rather than a drastically different layout which may be only marginally superior.
The procedure to develop the improved layout is outlined below.
1. Map the current layout and record standard operation times at each bay. Assume
deterministic times for each operation.
2. Determine the cycle time for each operation and identify the bottleneck operation (the
operation having maximum cycle time). This is equal to the overall cycle time of the line
and this operation determines the capacity of the line.
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3. Identify the operations with significantly lower cycle times than the bottleneck having
excess capacity.
4. Reconfigure the assembly line design in the analytical model, by adding bays to the
bottleneck operation at the expense of operations with excess capacity to drive down the
overall cycle time of the line. There is no additional cost in adding bays other than test
bays.
5. Repeat this process of making adjustments to the analytical model till all the operations in
the line have almost equal cycle times. Given current demand, an approximately 3:1
throughput ratio is to be maintained between the High Current and Medium Current
machines in the Mixed Module line. However this may vary in the future. Check if the
new layout can be achieved without violating total floor space constraint. If not, adjust
the layout to satisfy this constraint with minimal capacity loss.
6. To accurately estimate the throughput of the improved line layout, simulate its behavior
using the CellSim software. The simulation model is a more accurate representation of
the assembly line, since it incorporates the stochastic nature of the operation times. This
enables an accurate estimate of throughput for the improved line layout.
5.6.2 Proposed Layout
The optimal layout for the UES and Mixed Module line determined using the above heuristic is
shown below in Fig 5.6. This shall henceforth be referred to as proposed layout. The proposed
number of bays for each operation is shown in red while the number of bays in the current layout
is shown in blue.
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Fig 5.6 UES Line proposed layout
The cycle time of the main operations in the UES assembly for the proposed layout are shown in
table 5.7
Table 5.7 Cycle Times for proposed UES layout
Table 5.7 shows that the proposed line design
line and also a better balance between the cycle
has a lower overall cycle time than the existing
times for the individual operations.
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Operation Cycle Time (hrs)
Parallel Build 50
Harnessing 53.5
Test 50
The proposed layout for the mixed module line is shown below.
Fig 5.7 Mixed Module Line Proposed Layout
The change in the proposed layout compared to the original layout are summarized in Table 5.8
and 5.9
WIP in this scenario refers to the number of assembly bays used in the assembly line on the
existing and proposed layout. Although the frame prep and vertical integration are distinct
operations, they are usually performed on the same bay. In addition, the harnessing is continued
to be performed in the vertical integration bays. However, vertical integration cannot be
performed on the dedicated harnessing bays since the crane required for vertical integration is
not available at those bays. Hence, in the original layout, the vertical integration bays double up
as harnessing bays. Hence there are effectively 6 bays available for harnessing. Thus the vertical
integration and frame prep bays have been discounted from the WIP calculation since they are
completely accounted for by the harnessing bays.
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Table 5.8 Comparison of existing and proposed layout UES line
Task Existing No of Bays Proposed No of Bays
Electronic Rack 1 1
Tool Rack 1 2
Top Chamber 2 2
Wafer Handler 2 2
Frame Prep 3 1
Scan Build 1
Bottom Chamber 2
Vertical Integration 3 1
Harnessing 6 7
Testing 8 8
WIP 23 24
From Tables 5.8 and 5.9 we can see that the proposed layout increases eliminates 6 bays from
the Mixed Module line and adds one bay to the End Station line, which does not violate the total
floor space constraint. Thus the proposed layout addresses the issue of spatial imbalance between
the end station and mixed module line. The total number of bays in the UES and Mixed module
line is seen to reduce from 61 bays to 56 bays.
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Table 5.9 Comparison of existing and proposed layout Mixed Module line
Operation Existing No of Proposed No of
Bays Bays
70 Module Build 7 4
70 Module Test 1
90 Module Test 54
90 Module Build 7 8
Facilities Module Build 4 3
Facilities Module Test I I
Gas Box Build 2 1
Gas Box Test 1 1
Beam line Module Build 3 3
Beam line Module test 1 2
Terminal Module build 2 2
Terminal module test 1 2
Buffer Bays 4 0
WIP 38 32
5.6.3 Simulation results
The results of the simulation are shown in Fig 5.9. The individual throughputs of the UES line
and the Facilities line, Gas Box line, 70 Degree line, 90 Degree line, Beam Line and Terminal
module lines comprising the mixed module line are shown. The red bars represent the capacity
limiting modules for the High Current and Medium Current machines. The UES line which
limits the overall capacity of the plant is shown in green. The simulation result shows that the
there is less imbalance between and within the UES line and Mixed Module line. The quantity of
excess Gas Box and Facilities modules above the line capacity is much lesser than compared to
Fig 5.3
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Fig5.8 Simulation results for proposed line layout
We can observe from Figs 5.8 that the capacity imbalance is much less severe than the current
layout. Some of the excess capacity has been transferred from the Mixed Module to the capacity
limiting UES line thereby enabling the overall plant capacity to increase.
5.6.4 Analytical Model results
By allocating excess capacity from the Wafer Handler and Top Chamber operations to the
capacity limiting Tool Rack operation, the overall capacity of the UES line has improved.
Using the analytical model described by equations 5.1 and 5.2 for the proposed layout, the
throughput for each operation in the mixed module and UES line is obtained. Results are shown
in Fig 5.9 and 5.10. The simulation plant and line capacity are shown in red bars for comparison
with the corresponding values for the analytical model.
We can notice that the excess capacity in the 70 Degree and Gas Box build and test operation has
been reduced and the line is much better balanced by comparing with Fig 5.4 and 5.5. Although
the line balance has improved, there is still some excess capacity in the Wafer Handler and Top
Chamber. Further reducing the number of bays for these operations will result in reduced
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throughput for these operations below the overall line throughput. The problem can be addressed
by partially staffing these two operations, effectively reducing the capacity imbalance.
Fig 5.9 Mixed Module line individual bay capacities
Fig 5.10 UES Line individual bay capacities
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So far the capacity data has been shown through graphical representation without numbers due to
confidentiality constraints. The impact of the proposed layout on the plant throughput is
quantified in percentage terms in Section 5.7
5.6.5 Labor Requirement
Based on the results in the previous section, if all the bays are staffed on all the shifts in order to
achieve the expected capacity, the total labor requirement for the UES and mixed module line is
192 operators. If the current layout is completely staffed on all shifts, the labor requirement is
194 operators for the UES and mixed module line. This is summarized in table 5.10
Table 5.10 Labor Requirement
Layout Labor requirement (fully staffed) Increased Throughput
Current 194 -
Proposed 192 30%
It is not necessary to staff all the bays for all the shifts for the proposed model. Even with the
proposed layout, there is still some idle time in the system. For example, the Wafer Handler and
Top Chamber bays have significant idle time and hence can be staffed with 3 workers for 4 bays.
Chengappa's thesis [2] addresses the problem or labor resource allocation in detail.
5.6.6 Throughput Levers
As explained previously, the management can use levers like labor headcount, labor utilization,
overtime and additional shifts to flex capacity in response to demand fluctuations. The effect of
these levers on throughput is analyzed in the subsequent sections. The main focus is on the
impact on improved labor utilization on throughput. Overtime is not considered to have a
significant impact on throughput in a completely staffed model since it would only result in
overlap of work shifts. Thus overtime is a tool which enables management to achieve capacity
target with lower labor headcount that the requirements projected in Table 5. 10.
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5.7 Results and Discussion
The throughput for the current and proposed layout for the current labor utilization (78% UES
and 76% mixed module), 81% labor utilization and 85% labor utilization is obtained from the
simulation model. 81% labor utilization is seen as a realistic short term target by the
management. It is important to note that Varian defines labor utilization as the percentage of
labor hours that are 'billed' to some machine. The results are summarized in Table 5.11.
Table 5.11 Throughput for different labor utilization levels.
Current Labor 81% Labor 85% Labor
Utilization Utilization Utilization
Current Layout Base Case 2% increase 7% increase
Proposed Layout 30% increase 36% increase 41% increase
The results are shown as a percentage increase over the base case (current layout and utilization)
for confidentiality reasons.
It is interesting to note that the increment in throughput with an increase in labor utilization is
higher for the proposed layout than the current layout. With an 81% labor utilization, the
throughput increases by -4% for the proposed as compared to 2% for the current layout. This
can be explained by the reduced cycle time for the proposed layout, which enables more
machines to be produced in the additional time available due to higher labor utilization.
Therefore improving the line layout enables the company to extract more throughput from the
improved labor utilization.
5.8 Summary
The current state analysis has shown that there is excess capacity in the Mixed Module line as
compared to the End Station line. However the End Station line determines the overall capacity
of the plant since it has the longest operation time and each machine requires one End Station
module. A detailed analysis of the cycle times also revealed that there were imbalances within
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each of these lines. The proposed design addresses the issue of line imbalance within and
between the UES line and Mixed Module line. It is expected to increase throughput by ~30%
while reducing WIP on the shop floor by 5 bays. Improved labor utilization is also a way to
increase capacity. However we observe that the improved utilization can help achieve a greater
increase in throughput for the proposed layout than the current layout. With 81% labor utilization
for the proposed layout, the throughput is expected to increase by ~36% based on simulation
results.
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6. Inventory Management - Supermarket Finished
Goods Assemblies
This chapter describes the Gold Square inventory system that is used at Varian to manage the
finished goods assemblies made in the supermarket; the issues that arise due to its current
structure and implementation, and the recommendations that were developed to address those
issues.
This chapter is divided into three sections. In the first, the Gold Square system is introduced, the
deviations of the system currently implemented from the planned system are presented and the
issues that arise due to this are outlined. The second section details the methodology used to
address these issues and the analysis to identify the operating parameters of the recommended
inventory system. The third section describes the implementation plan, the challenges expected
to be faced in implementing the proposed system and the advantages of using the proposed Gold
Square system. This chapter was developed and written in collaboration with the other members
of the intern team and a similar description of the work done can be found in Chengappa's and
Wu's theses [1, 2].
6.1 Overview of the Current Finished Goods Assembly Inventory Policy
The Gold Square inventory system is utilized at Varian in order to effectively manage the high-
volume assemblies that are produced by the supermarket assembly area. The high-volume
assemblies are standard assemblies that are required by almost all the ion implantation machines
manufactured by Varian. A Gold Square is a finite buffer for storing these assemblies from
where the workers can pick them for use.
In this work, the Gold Square system used for the assemblies feeding the Universal End Station
(UES) module of the ion implantation machines is analyzed because their shortage would lead to
starvation of the bottleneck UES line. The Gold Square system used for the Mixed Module line
is identical to the system used for the UES modules and hence the recommendations developed
are applicable for the Mixed Module line Gold Square system as well.
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6.1.1 Planned Gold Square System
The Gold Square inventory management system was planned as a signal-based, pull system
where a set of high-volume assemblies are placed in a finite buffer called "Gold Square" and the
withdrawal of an assembly by a worker triggers the build and replacement of that assembly on
the Gold Square shelf as detailed in Fig. 6.1 and explained below.
Fig. 6.1 Planned Gold Square system
Varian's inventory analysts compute a parameter called 'Gold Square size' for each assembly
using the formula, 23, where a is the standard deviation of the weekly demand forecast for that
assembly over a three month time frame. This is similar to the commonly used formula to
determine inventory safety stock in industrial settings, 2*aY*VL, where L is the lead time. The
Gold Square size is treated to be the target inventory level for a given assembly.
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When an assembly from Gold Square shelf is consumed, the blank spot caused by the removal of
this assembly is the signal for the production control personnel at the supermarket assembly area
to build and replace the assembly. It is important to note that this signal, however, is not
instantaneous as the production control personnel only review the status of each Gold Square
shelf at a specific time each day.
Once the production control personnel have determined that a Gold Square assembly is to be
built, they issue a shop order which triggers the piece parts for that assembly to be picked from
the supermarket storage area and delivered to an assembler at the supermarket assembly area.
Once the assembler at the supermarket completes building the assembly, the finished assembly is
placed on the Gold Square shelf bringing the number of assemblies on the Gold Square back to
its determined size.
An assembly on the Gold Square shelf may also be consumed for field sales wherein the
assembly is taken from the Gold Square, packaged and shipped to a customer as a spare part.
This process also triggers the same blank spot signal and involves the same replenishment
process as if the assembly was consumed on the production line.
Once an assembly is consumed from the shelf, the production line or field sales personnel submit
a "transmittal" which is a form used to inform the inventory management personnel in charge of
updating Varian's MRP system that the assembly has been consumed. This causes the inventory
management personnel to update the MRP system to reflect the consumption of the assembly.
Once the MRP system has been updated, purchase orders are sent to Varian's vendors to
replenish the piece parts needed to build another assembly subject to the weekly demand
forecast. Hence, while the Gold Square system at Varian is planned as a pull system, the piece
part inventory is controlled by their MRP system.
However the system that is currently implemented deviates from the planned system.
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6.1.2 Currently Implemented Gold Square System
The Gold Square system that is currently implemented deviates from the planned system in a
number of ways. It is not entirely a signal-based, pull system but is a combination of a signal-
based, pull system and an MRP-driven, push system. The Gold Square system that is currently
implemented is illustrated in Fig. 6.2 and explained below.
Fig. 6.2 Currently Implemented Gold Square System
In the current system, each Gold Square shelf is still sized using the same formula (2a) as in the
planned system. The production control personnel treat this quantity as roughly the upper limit
for the inventory on the shelf. However, they also look at the forecasted demand for the coming
week through MRP before deciding the quantity to be built. The production control personnel
determine the number of assemblies to be built using a combination of the blank spot signal from
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the Gold Square shelf and planned orders (orders that are created to meet production line or field
sales demand forecasts) in the MRP system. This causes the production control personnel to not
only release shop orders to replace the blank spots on the Gold Squares but also to meet the
planned orders as determined by MRP. Sometimes, production control personnel prioritize
'confirmed demand' for an assembly over building up the safety stock level of certain assemblies
if there is limited labor availability. To summarize, production control does not follow a
systematic procedure to manage the Gold Square Assemblies, instead relying on their experience
and MRP forecast to make build decisions.
Once a shop order is released, the same process as the planned system is followed and the
assembly is built and placed on the Gold Square shelf. However, it is important to note that in the
currently implemented system only the production line consumes assemblies directly from the
Gold Square shelf and assemblies required by field sales are built, packaged and sent to shipping
directly based on the MRP system's planned orders.
Once an assembly is consumed by the production line or by field sales, the production line or
field sales personnel submit a transmittal to the inventory control personnel and the same process
as for the planned system is followed.
6.1.3 Reasons for deviation from planned system
A thorough investigation of the planned and currently implemented system through extensive
interviews and discussions with the manufacturing management and personnel involved in the
Gold Square system allowed the team to hypothesize the reason for the deviation of the current
system from the planned system.
The major cause for the deviation of the current system from the planned system is the
suboptimal sizing and operating procedures for the Gold Squares. The formula that is used to
size the Gold Squares, 25, does to take into consideration the demand that would be present
during the lead time for the replacement of the assemblies. The formula used corresponds to
safety stock which is meant to handle the variations in demand. Using this quantity as the target
inventory level would lead to poor service levels. Hence, the production control personnel are
required to refer to the MRP system's planned orders to ensure that demand can be met.
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This hypothesis was validated through an analysis of the Gold Square sizes for different
assemblies and through comprehensive discussions with the production control personnel.
Production control personnel had to refer to MRP to ensure that demand from the production line
could be met, since the size of the Gold Squares was not adequate to meet the lead-time demand
for that assembly. In the case of assemblies with low demand, production control would often
not build assemblies to fill the complete Gold Square shelf. This resulted in inadequate safety
stock on the shelf to cover for demand variations.
6.1.4 Issues caused due to Current and Planned Gold Square System
A detailed investigation of the planned and currently implemented system through extensive
interviews and discussions with the manufacturing management and production control
personnel revealed the following issues that were caused on the production line of the Universal
End Station due to Gold Squares.
The most important issue is assembly shortages on the line. A shortage is said to have occurred
when an assembly is not present on the Gold Square when required by an assembler. A shortage
of a Gold Square assembly could cause a line stoppage or a 'work-around'. A line stoppage is the
complete halting of the build process of the Universal End Station module due to the lack of a
critical part needed to proceed with the standard build procedure. Line stoppages are rare and
more often, shortages cause a work-around. A work-around is an instance when an assembler is
forced to follow non-standard build procedures due to the lack of parts/assemblies needed to
proceed with the standard build procedure.
There are problems caused by both line stoppages and work-arounds. A line stoppage would
increase the operation time of the build process which is halted till the assembly is available to
the assembler. This could increase the cycle time of the Universal End Station module, if the
process which is affected is the bottleneck process, or if the delay at a process causes its cycle
time to exceed that of the bottleneck process. An increase in the cycle time of the Universal End
Station reduces the capacity of the plant as the Universal End Station currently determines the
plant capacity, being the module with the longest cycle time.
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A work-around could also increase the operation time of the build process by forcing the
assembler to follow non-standard procedures that are longer and more complex than the standard
procedure. The work-around could cause a further increase in operation time if the work has to
be undone and then redone in order to add the assembly to the module when it arrives at a later
time. This could also increase the cycle time of the Universal End Station module if the process
which is affected is the bottleneck process. Hence, a work-around could also increase the cycle
time of the Universal End Station and reduce the capacity of the plant. Another problem that
could be caused by a work-around is a quality problem. Since non-standard procedures would be
followed during a work-around there is a chance that the assembler might make a mistake in the
build process thereby causing a quality problem. A quality problem could also be caused when
work is undone and redone in order to add the assembly to the module when it arrives at a later
time. These quality problems could cause either an assembly to fail completely or require re-
work on the production line. This may increase the cycle time for the test operation beyond the
UES line cycle time resulting in reduced capacity.
If there were no inventory shortages, the process times for each operation could be realistically
assumed to be deterministic. The throughput of the UES line with deterministic operating times
is compared with the throughput from a UES line with stochastic operating times due to
shortages using the simulation model described in Chapter 5. If there are no inventory shortages,
the throughput of the UES line is found to increase by ~7%. Gold Square assemblies being the
high-volume fast moving assemblies constitute a significant proportion of assemblies used in the
UES line by volume. Thus stock-outs of Gold Square assemblies have an adverse impact on the
line capacity.
Another issue caused due to the current and planned Gold Square system is the impact on the
production line morale. When a shortage occurs, an assembler is either forced to wait for the
assembly to arrive due to a line stoppage or follow non-standard build procedures due to a work-
around. This reduces the assembler's efficiency and affects his morale.
As per the shortage communication records between the operators, there were 39 instances of
shortages for the Gold Squares in January 2012. A record keeping exercise for Gold Square
assembly shortages was begun in April 2012. Assembly line personnel were asked to record if
the assembly was available when they required it. The data from the shop floor is consolidated in
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Table 6.1 Shortage history for UES Gold Square Assemblies, April to June 2012
Part Number Instances present Instances of shortage % of Instances of shortage
El 1117460 23 1 4.35%
FlE1118850 18 2 11.11%
El 131560 5 0 0.00%
El 1143600 45 0 0.00%
E1 1290060 30 0 0.00%
El 1292620 29 0 0.00%
E 11292630 27 1 3.70%
El 292640 24 0 0.00%
E 11300130 8 0 0.00%
E11305045 30 5 16.67%
E11307000 23 0 0.00%
El 1307010 19 1 5.26%
El 1313400 11 0 0.00%
E 11313550 32 0 0.00%
E 11314090 8 1 12.50%
E11327270 1 1 0 0.00%
E11327290 9 0 0.00%
E11341910 15 3 20.00%
El1347360 1 0 0.00%
E 11347590 1 0 0.00%
El 1349360 5 5 100.00%
E11356640 2 0 0.00%
E11414160 10 4 40.00%
E11437760 14 3 21.43%
E11442250 15 2 13.33%
E11478330 8 1 12.50%
El 1478360 8 2 25.00%
TOTAL 431 31 7.19%
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Table 6.1. In the period between April to June 2012, the overall service level for the UES Gold
Square assemblies was -93% but was as low as 40% to 50% for certain assemblies. One
assembly, El11349360 was seen to have 100% shortage during the observation period. The team
believes that this could be attributed to lapses in record keeping by shop floor personnel and thus
the percentage of shortages for some assemblies could be slightly lower than shown in Table 6.1.
However, this exercise was helpful in quantifying the severity of the problem.
The practice of having a separate location for field sales in a different building caused confusion
about the actual quantity of assemblies on hand.
6.2 Proposed Finished Goods Assembly Inventory Management Systems
A consumption based planning (pull) system is proposed to manage the finished goods inventory
of Gold Square assemblies on a make-to-stock basis. It is also recommended to store the demand
for the assembly line and field sales on the same shelf. The working of this inventory system is
detailed below:
6.2.1 Working
The consumption based planning system is a pull system at the finished goods inventory level. It
is based on maintaining the quantity of inventory on the shelf and in WIP at the 'base-stock'
level.
The detailed working of the consumption based planning system is described below:
For each Gold Square assembly, a target inventory level (B), also called the base-stock level is
calculated. Calculation of the base stock level is detailed in the next section. Production control
is required to review the quantity of assemblies on the shelf at regular intervals of time called the
review period and issued shop orders to produce assemblies to replenish up to the base-stock
level.
P=B-H-W 6.1
where,
79
P = Number of assemblies to be built
B = Base-stock level
H= Number of assemblies on hand.
W= Number of assemblies in WIP (Work in Progress).
Every time the assembly line worker uses an assembly from the Gold Square shelf, s/he is
expected to fill out a form available on the shelf, indicating the assembly part number and the
machine number where it was installed. At the end of every day, these forms are collected and
are used to back-flush the MRP system i.e. record the consumption and drive inventory of piece
parts for the assemblies to be built in the future.
Thus, the consumption based planning is a pull system where assemblies are produced in
response to vacancies on the Gold Square shelf as a result of consumption. This is similar to the
planned system described in section 6.1.1 in operation but importantly, differs in the inventory
parameters.
6.2.2 Inventory Parameters Calculation
The calculations of the target inventory level or base-stock level for the Gold Square assemblies
are explained in this section. The time period used for calculations appropriate to this case is
weeks.
For each assembly, the target inventory or base-stock level B is given by
B = p(L+r) + za1(L+r) 6.2
and the expected inventory level E[l] is given by
(0.5* p* r) + zad(L+r) 6.3
where
p = mean weekly demand (quantity/week)
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L = Lead time (weeks)
r= review period (weeks)
z= safety factor
c7= standard deviation of weekly demand.
The first term in the right hand side of the equation 6.2 is commonly referred to as cycle stock.
This is the quantity of assemblies required to satisfy demand over the lead time. The second term
is referred to as safety stock and is the quantity required to cover for variations in demand.
Lead time
This is the time between when a shop order is issued for building the assembly till the time it is
completed and appears on the shelf. It includes time spent for picking the components from the
bins, waiting in queues and testing if needed. Based on one month of observation over all
assemblies built in the supermarket the following statistics were calculated for the lead time.
Table 6.2 Supermarket lead time data based on 1 month of observation
While the lead time varies for each assembly, given the time constraints for the project, it was
not feasible to observe the lead times for each assembly over a sufficiently large sample space.
Hence for the purpose of analysis the lead time is taken to be -2.5 days.
Mean Demand
This is the mean weekly demand for each assembly for a three month horizon.
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Metric Value (days)
Mean 2.27
Standard Deviation 1.67
Minimum 0.5
Maximum 10
Review Period
It is the time interval between the regular reviews of inventory level on the shelf, based on which
shop orders for production are issued. In this case a review period of I day was used, since that
was the existing practice.
Standard deviation of weekly demand
This is the standard deviation of the weekly demand over the forecast horizon.
Safety Factor
The safety stock is meant to cover variations in demand. The demand is assumed to be normally
distributed. The desired service level is the probability with which the safety stock will cover the
variations in demand. It is the inverse of the normal cumulative distribution function.
The Gold Square assemblies were classified based on their importance for the machine build,
cost of shortage and stage of use in the build. The service levels were set as shown
Table 6.3 Classification of UES Gold Square assemblies
Class Service Level (%) Consequences of Shortage
A 99 Significantly delay in build process and/or high
probability of quality problem
B 95 Some delay and/or moderate probability of
quality problem
C 90 Negligible or low impact on machine build.
The Gold Square assemblies were classified on the above scheme based on detailed discussions
with shop floor supervisors and workers.
The parameters used in the inventory model described are above are summarized in Table 6.4
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Table 6.4 Summary of parameters for Gold square inventory calculations
The calculated inventory levels
Table 6.5 below.
for each assembly for the period May - July 2012 are shown in
The assemblies are classified as described in Table 6.3. The mean and standard deviation of
weekly demand of each assembly is obtained from the three month forecast in the MRP system.
The cycle stock, safety stock, base-stock level and average inventory level are calculated using
equations 6.2 and 6.3.
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Parameter Value
Mean Demand (p) Mean of 3 month weekly demand forecast for each
assembly
Lead time (L) 0.36 weeks (2.5 days)
Review Period 0.14 weeks (1 day)
Desired Service Level 99% for Class A assemblies
95% for Class B assemblies
90% for Class C assemblies
Standard deviation of Standard deviation of 3 month weekly demand forecast for
demand (T) each assembly
Table 6.5 Recommended Gold Square inventory parameters
Part No. Classification Mean( per week) Std Deviation Cycle Safety Base- Current Expected
of weekly Stock Stock Stock Safety Inventory
demand Level Stock Level
E11461110 B 3.46 1.85 1.73 2.16 4 4 2.4
E11461120 B 3.46 1.85 1.73 2.16 4 4 2.4
E11347360 A 0.46 0.66 0.23 1.09 2 3 1.1
E11118850 B 3.08 2.06 1.54 2.40 4 4 2.6
E11313400 B 3.85 1.86 1.92 2.17 5 4 2.4
E11478330 A 3.08 2.02 1.54 3.32 5 4 3.5
E11414160 A 7.08 3.97 3.54 6.53 11 8 7.0
E11143600 A 11.92 5.79 5.96 9.53 16 12 10.4
E11349360 C 2.92 1.32 1.46 1.20 3 3 1.4
E11356640 C 1.77 1.30 0.88 1.18 3 3 1.3
E11437760 B 3.00 1.68 1.50 1.96 4 3 2.2
E11478360 A 4.77 1.79 2.38 2.94 6 4 3.3
E11131560 A 2.85 1.07 1.42 1.76 4 2 2.0
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Part No. Classification Mean( per week) Std Deviation Cycle Safety Base- Current Expected
of weekly Stock Stock Stock Safety Inventory
demand Level Stock Level
E11300130 B 1.69 1.18 0.85 1.37 3 2 1.5
E11327270 A 1.46 1.20 0.73 1.97 3 2 2.1
E11292620 A 4.92 1.71 2.46 2.81 6 3 3.2
E11292630 A 4.92 1.71 2.46 2.81 6 3 3.2
E11292640 B 4.92 1.71 2.46 1.98 5 3 2.3
E11314090 A 3.08 1.38 1.54 2.27 4 3 2.5
E11442250 B 3.38 1.56 1.69 1.81 4 3 2.1
E11327290 B 1.00 1.15 0.50 1.34 2 2 1.4
E11307000 B 4.92 1.71 2.46 1.98 5 3 2.3
E11307010 B 4.92 1.71 2.46 1.98 5 3 2.3
E11341910 B 5.85 1.52 2.92 1.77 5 3 2.2
E11290060 A 9.92 3.38 4.96 5.56 11 7 6.3
E11305045 B 10.62 3.40 5.31 3.96 10 7 4.7
E11117460 A 14.15 4.04 7.08 6.64 14 8 7.7
E11313550 A 8.15 4.36 4.08 7.17 12 9 7.7
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The base-stock level is the sum of cycle stock and safety stock rounded to the next integer. The
required shelf capacity is equal to the base-stock level, since the shelf needs to be sized to the
maximum inventory level. The maximum total quantity in table 6.6 is thus the sum of the base-
stock levels of each assembly. The average inventory level is the expected value of the inventory
on the shelf at any given time. It is calculated using equation 6.3.The total expected inventory is
the sum of the expected inventory level for each assembly
Table 6.6 Total Gold Square inventory summary
From Table 6.6 we see that the consumption based planning system using a base-stock policy has
lower total safety stock level than the existing system by ~30%. However, due to the deviations
in implementation from the planned system explained in section 6.1.2, there is an increase of 40
% in the maximum shelf inventory. It is not feasible to compare the average inventory level for
the current and proposed policy since it is difficult to compute the average inventory level for the
current policy which is not clearly defined and no records of on shelf inventory were available.
As detailed in section 6.1.3, one of the major reasons for the deviations from the planned system
is the suboptimal sizing of the Gold Square levels. The recommended inventory levels address
this issue and enable the smooth function of the planned system.
6.2.3 Implementation
The inventory levels recommended in Table 6.5 are not absolute values to be followed at all
times. The inventory analysts at the organization were encouraged to monitor the performance of
the system and make appropriate changes required to the parameters. In addition to computing
the mean and standard deviation of weekly demand every quarter, the safety factor is a lever for
the management to respond to issues like change in yield, importance of part in machine build
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Total Safety Stock (Proposed) 84 assemblies
Total Safety Stock (Current) 119 assemblies
Maximum Total Quantity 166 assemblies
Total Expected Inventory 93 assemblies
sequence etc. For example, if an assembly is found to have a higher importance due to a change
in the build procedure, it can be moved from category C or B to category A.
Set Policy
parameters
Analyse Measure
results performance
Fig 6.3 Proposed inventory policy implementation guideline
The inventory analysts were provided a spreadsheet based tool to compute the optimal base-
stock policy parameters for each three month forecast window moving forward. The analysts can
input the following parameters to the model: three month weekly mean and standard deviation of
demand, importance (A, B or C classification which will determine the service level as described
in Table 6.5). The cycle stock, safety stock and base-stock level are computed by the tool for the
analysts based on the methodology described in the above sections. The analysts can then adjust
these numbers to compensate for yield.
6.3 Implementation Challenges
For the recommended inventory systems, there are three major challenges in implementation.
The first and most important is the availability of piece parts to build Gold Square assemblies up
to the recommended base-stock level. The other challenges are: supermarket labor availability to
build up the base-stock quantity for every assembly and the additional shelf space to
accommodate the base-stock inventory levels.
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6.3.1 Piece Parts Availability
'Known' and 'Unknown' shortages
Piece parts are raw materials stored in supermarket inventory area which go into the assemblies
built by the supermarket. Piece parts are organized in 4 categories - MRP driven, two bin
Kanban System, Vendor Managed Inventory (VMI), and consignment system. The reader is
encouraged to refer to section 2.4.3 for a more detailed description.
Piece part shortages are divided into two categories: known shortages and unknown shortages. A
known shortages refer to a shortage in piece part inventory which is visible in the MRP system.
Before shop orders are issued to build assemblies in the supermarket, production control runs an
availability check in the MRP system to verify if the required piece parts are available.
Production control then contacts the buyers to expedite the piece parts which are not available. If
a significant proportion of piece parts are not available, the kit is not picked until the parts arrive.
An 'unknown' shortage is said to occur when the MRP system shows the part to be available on
the shelf, but the required quantity of parts are not found on the storage shelf when the kit is
picked. This is mainly caused by poor inventory record keeping due to workers failing to fill out
the transmittal forms which are used to keep track of consumption.
Chapter 7 of this thesis discusses the problem of known shortages for MRP driven piece parts.
Wu's thesis [2] discusses solutions to the problem of inaccurate piece part records leading to
unknown shortages.
6.3.2 Supermarket Labor
In order to implement the recommended inventory management system, the inventory needs to
be built up to the recommended base-stock levels. Once this has been achieved, the supermarket
needs to build only what is required to maintain the base stock level. Thus there would be a spike
in supermarket and labor requirement to build up the base-stock level. Thus the availability of
labor in the supermarket to achieve this is analyzed below.
The supermarket works on all days of the week. As of May 2012, there were totally 32
assemblers in the supermarket and is expected to remain at similar levels in the near future. The
assemblers were working 16% overtime while the acceptable overtime percentage is up to 25%.
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Given that a ramp down in production was forecasted over the coming months at the time of the
recommendation being proposed, according the available weekly labor hours and the forecasted
demand, it is feasible to build inventory up to the base-stock level using existing labor resources
in the supermarket.
6.3.3 Shelf Space
At the time when this project was done, there were 5 racks located near UES line to
accommodate around 30 types of Gold Square assemblies. In order to calculate the expected
additional shelf space needed to hold the recommended increased inventory level, capacity of
existing Gold Square racks were measured to compute additional space requirement.
For most Gold Square assemblies, the base-stock level could be held in current shelf space, while
there were only 3 assemblies which need additional space. Based on the shelf volume estimates,
additional space equivalent to one third of a rack is needed for these assemblies, and it is highly
feasible to accommodate this additional rack on the UES line.
6.4 Benefits of proposed policy
In the proposed policy, cycle stock will be held as finished goods instead of piece parts. This will
help reduce instances of assembly shortages as unknown piece-part shortages and shortages due
to yield problems will be detected earlier compared to the current system. It will thus improve
the service level of Gold Square assemblies for UES line and reduce stock-out which may affect
capacity. In addition, the proposed policy has a clear procedure for the production control staff to
follow compared to the current system. Furthermore, the proposed policy will enable a more
streamlined process for supermarket, production control personnel and reduce deviations from
standard procedure in the downstream assembly lines due to assembly shortage, which leads to
quality problems
6.5 Summary
Gold Square assemblies were observed to have frequent stock-outs. Since these are high-volume
fast moving assemblies, a flawed inventory management system can cause chronic stock-outs
which can significantly inflate the cycle time on the assembly line and adversely affect plant
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capacity. In order to improve their service level, a consumption based planning (pull) system is
proposed to manage the finished goods inventory of these frequently used assemblies on a make-
to-stock basis. This requires production control to issue shop orders for assemblies daily to only
bring the quantity on shelf and WIP up to the base-stock level. The base-stock level for each
assembly is computed using a standard periodic review policy. We found that it is possible to
significantly reduce safety stock quantity while improving the service level. Challenges in
implementing the proposed policies are identified and solutions proposed. Thus a comprehensive
inventory strategy is presented which can reduce safety stocks, improve service levels of Gold
Square assemblies thereby preventing quality issues and inflated UES operation times, which
adversely affect the overall plant capacity.
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7. Component Level Inventory Management
This chapter analyzes the problems in the management of component level inventory (piece
parts) that goes into building the Gold Square assemblies using the MRP system. First, a
background of the current system is given and the problems arising from this are elucidated. The
major consequence of these problems is that they prevent production control from building up
the required inventory of finished goods Gold Square assemblies. This issue has been discussed
in detail in the preceding chapter. The next section of this chapter is devoted to developing an
improved system to address the problem of shortages in the MRP driven components. The
proposed policy is elucidated in the form of a case study for two representative Gold Square
assemblies used on the UES line which had low service levels in the period of observation
between March to May 2012
7.1 Background
The components at the lower levels of the bill of materials that constitute the assemblies built in
the supermarket are referred to as piece parts. Each assembly built in the supermarket has one to
five levels below it in the bill of materials and is thus built up of hundreds of components. Some
of the piece parts are common to multiple assemblies. While some of the components are
procured as piece parts at the lowest level of the bill of materials, in other cases, the lower level
subassemblies may be directly procured from the supplier. All the procured components-piece
parts or subassemblies-are directly built up to the Gold Square assembly level. There is no
storage of assemblies in the intermediate levels of the bill of materials.
As described in the previous section, the finished goods inventory in the supermarket is planned
to be managed on a make-to-stock pull system for the high-volume fast moving Gold Square
assemblies and on a make-to-order basis for the lower volume assemblies. There are four types
of inventory systems for managing the piece parts - MRP based push system, two bin Kanban
system, vendor managed inventory (VMI) system and consignment system. The reader is
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encouraged to refer to section 2.4.3 for a detailed description of these systems. This work is
concerned with the inventory management policy for parts managed by the MRP based system.
7.1.1 Nature of Demand
Gold Square assemblies themselves constitute a lower level of the bill of materials for a machine.
The demand for the gold square assemblies comes from two sources - the assembly line for
installation in machines being built in the plant and from field sales i.e. spare parts for customers
across the world. Since the assemblies required for each tool are known, this is a dependent
demand. Requests for spares from customers and quality failures in the Gold Square assemblies
during testing give rise to independent demand. Thus the demand for Gold Square assemblies is
a combination of dependent and independent demand. However since the field sales constitute a
small fraction, the demand is closer to being dependent than independent.
At the piece part level, the nature of demand is a combination of dependent and independent as
well. The dependent requirements for the piece parts arise from the demand for Gold Square
assemblies for assembly line use and field sales. In addition the components themselves may
have demand from part banks across the world which stock spares to service customers. There is
high variability in demand for piece parts from these part banks which usually occurs as
unpredictable spikes. However for planning purposes, the demand is averaged over a three
month horizon and planned orders are placed in MRP for this average monthly demand.
However if this demand does not materialize in a given month, the planned orders for the
following months drop off from the schedule.
7.1.2 Current Inventory Management System
The current system for managing MRP driven piece part inventory is explained below:
Safety stock for the gold square assemblies is held at the finished goods level. Thus the quantity
of Gold squares is theoretically not allowed to fall below the safety stock level. As seen in
Chapter 6 this is not always the case. This safety stock accounts for the production lead time
from the piece part level. The piece parts typically have a much longer lead time ranging from
less than 5 days to 8 weeks. It is worth noting that the component procurement lead times have
not been considered in the safety stock calculation of the finished goods assemblies. Detailed
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analysis of safety stock calculations for Gold Square assemblies is presented in Chapter 6. In the
current system, the MRP system drives piece parts for the build schedule. The MRP system
computes the quantity required for each piece part component by combining the independent and
dependent demand and the time of requirement is obtained by offsetting the production lead time
of the assembly backwards from the date of requirement. Orders for the piece parts are placed to
the suppliers considering their procurement lead time in lot sizes ranging from 2 weeks to 2
months. There is largely no safety stock held in piece parts, with the exception of a few
components which are frequently ordered by an important customer as spares.
7.1.3 Problem Identification
The absence of a systematic safety stock policy for the MRP driven components is hypothesized
to be the major cause of shortages. If there is an unexpected increase in the demand for a Gold
Square assembly, either from field sales or due to yield issues, it would result in consumption of
the safety stock at finished goods level. Hence there would be a need to build up the safety stock
back to the required level in addition to the meeting regular demand. However, the safety stock
consumption was not foreseen by MRP and there may be a possibility of not having enough
stock in piece parts to build up the safety stock if the lot size were to be small, or if the safety
stock consumption were to occur towards the end of the lot consumption cycle. In the absence of
piece parts to build back the safety stock level, the assembly may have a stock-out, since the
safety stock of the Gold Square assembly does not account for the lead time of the components.
If the piece parts are not available, the next order is expedited, which results in additional
transportation costs. In the mean time, the kit for that assembly lies in the waiting area until the
piece part arrives.
The materials group does not track data for known shortages. Hence the team had to look
through shop order sheets and identify kits with known shortages which had been marked by
production control personnel [2]. For the period February to May 2012, 47 kits were found to
have known shortages which constitute 14% of all kits picked during that period. Looking at the
data by assemblies, there were 120 assemblies which had a known shortage, which constitutes
11 % of the assemblies built during the period. It is to be noted that this data relates to all
assemblies built in the supermarket, not just the Gold Square assemblies.
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There is no data on breakdown of known shorts by MRP, Kanban, vendor managed inventory or
consignment system. Service levels for vendor managed inventory parts depend on the policies
followed by the vendor and hence outside the realm of recommendation made by the team.
Similarly consignment parts were governed by pre-existing contracts with suppliers and hence
not directly under the scope of the project. Based on their experience, the materials group found
the Kanban parts to be drastically less problematic in terms of stock-outs and ease of
management than the MRP parts. This chapter focuses on addressing the problem of stock-outs
for MRP driven piece parts going into the UES Gold Square assemblies.
7.2 Proposed Inventory Policy
This section of the thesis is aimed at developing a systematic inventory policy for piece parts of
the Gold Square Assemblies managed by the MRP system without drastically increasing
inventory levels or affecting inventory turns. The following policy is recommended for
managing the piece parts inventory of Gold Square assemblies:
Components with lead time less than or equal to 5 weeks (typically coming from domestic
suppliers) are recommended to be shifted to a two bin Kanban system or consignment system.
The Kanban system is known to reduce inventory levels, costs and improve inventory turns and
the consignment parts are only paid for when they are actually consumed on the shop floor. A
few components with lead time of up to 5 weeks are already on a Kanban system. However, the
Kanban system is not very feasible for long lead time parts (greater than 5 weeks). The materials
group has been continuously working with suppliers to bring down the component lead times.
The materials group is recommended to continue their policy of negotiating with suppliers to
reduce the lead time for this category of parts and manage them with a two bin Kanban system.
Components with lead times greater than 5 weeks typically come from suppliers in Asia. It is
proposed to hold the required quantity of safety stock on the shelves to cope up with demand
variations. Moreover, it is much more expensive to expedite components from international
suppliers as opposed to domestic suppliers. The calculation of the required safety stock is
detailed in Section 7.2.2.
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If there is safety stock for some consignment parts which are critical to customers, the current
level of safety stock is continued to be held. If there is safety stock for some domestic MRP parts
which are critical to customers, the safety stock is held as per equation 7.1.
7.2.1 Need for Safety Stock at piece part level
A case is made below for the need to hold safety stock of the MRP driven components going into
the Gold Square assemblies.
* Piece parts tend to have long lead time (5-8 weeks).
" There is unpredictable and highly variable demand from field sales.
* Expediting piece parts from international suppliers can be expensive.
* Gold square assembly level safety stock does not provide coverage for uncertainties in
demand over the component lead times.
" Shortage of MRP piece parts can prevent building up the finished Gold Square assembly
inventory level recommended in Chapter 6 to have a satisfactory service level.
" Gold Square assemblies are critical in the build process and their shortage can cause
significant delay and impact the plant capacity.
7.2.2 Safety Stock Strategy
The recommended safety stock for a given piece part is given by
SS = z*cy * IL 7.1
Where,
SS - safety stock
z - safety factor
a - standard deviation of weekly demand
L - lead time for part in weeks.
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Standard Deviation of weekly demand
The weekly demand for a piece part is computed by combining all sources of independent and
dependent demand for a three month forecast horizon. For example one part may be used for
multiple Gold Square assemblies. The demand for all the gold square assemblies where the part
is used is combined to get the total dependent demand. This strategy is called risk pooling, since
the variations in demand is reduced by pooling across multiple demand streams, which results in
lower safety stock levels.
7.3 Case Studies
The safety stock requirement analysis at the component level is presented for two representative
Gold Square assemblies which are used in the bottleneck UES line. Due to time constraints, it
was unfeasible to replicate this analysis for all 30 UES Gold Square assemblies, each consisting
of hundreds of components. The assemblies chosen were chosen since they had amongst the
lowest service levels amongst assemblies without yield issues. The results are expected to be
fairly similar for all other assemblies.
7.3.1 Part No E11349360
The proposed inventory policy is analyzed for the assembly E 11349360.
The breakdown of components into Kanban, MRP, consignment and vendor managed inventory
is shown for this assembly in Fig 7.2
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* Kanban
a MRP
Fig 7.1 Component breakdown for El 1349360 by inventory management system
The inventory policy for this assembly is detailed in Table 7.1. For each component, details like
part number, type of inventory management system and location of supplier (domestic or
international) are presented. The proposed inventory management system, current and proposed
safety stock levels are also shown. The proposed safety stock is calculated for a 95% service
level which is adequate for this scenario. The price of each part has not been revealed due to
confidentiality issues. As per the recommendations outlined in Section 7.2, the component from
domestic supplier with lead time less than or equal to 35 days are shifted from the MRP system
to a Kanban or consignment (CO) system. The feasibility of this strategy has been confirmed
with the materials group. Safety stock is held for long lead time MRP managed components from
international suppliers. Safety stock is also held for the components from domestic suppliers
which are critical to an important customer, example E25000456, even though it is
recommended to be managed on a Kanban system. The standard deviation of demand is
computed over a three month forecast horizon (July to September 2012).
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Table 7.1 Recommended Inventory Policy Parameters for El 1349360 (Partl)
Part No Current Inventory Proposed Supplier Origin Lead time Current Std Deviation Recommended Safety
Management Inventory (days) Safety of weekly Stock
System Management Stock demand
System
E11131880 MRP Kanban/CO Domestic 28 0 0
E12012960 Kanban Kanban Domestic 5 0 0
E12012970 MRP Kanban/CO Domestic 35 0 0
E12013110 Kanban Kanban Domestic 5 0 0
E16349950 MRP Kanban Domestic 35 0 0
E16353870 Kanban Kanban Domestic 5 0 0
E17097732 MRP Kanban/CO Domestic 35 0 0
E17252010 MRP Kanban/CO Domestic 35 0 0
E17252021 MRP MRP International 45 0 0.7 3.00
E17252030 Kanban Kanban Domestic 5 0 0
E17252050 MRP MRP International 45 0 1.04 5.00
E17252060 MRP MRP International 45 0 1.04 5.00
E17252090 MRP MRP International 45 0 1.04 5.00
E17257630 MRP Kanban/CO Domestic 35 0 0
E17261441 MRP Kanban/CO Domestic 35 0 0
E173311120 MRP Kanban/CO Domestic 35 0 0
E17358580 MRP MRP International 45 6 1.04 5.00
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Table 7. 2 Recommended Inventory Policy Parameters for El 1349360 (Part2)
Part No Current Inventory Management System Proposed Inventory Management System Supplier Origin Lead-time (days) Current Std Deviation of Recommended
Safety Stock weekly demand Safety Stock
E17358590 MRP MRP International 45 6 1.04 5.00
E17381361 MRP MRP International 45 0 1.04 5.00
E17381380 Kanban Kanban Domestic 5 0 0
E17381390 MRP Kanban/CO Domestic 35 0 0
E17381400 MRP Kanban/CO Domestic 35 0 0
E17381410 Kanban Kanban Domestic 5 0 0
E17381430 MRP MRP International 45 0 1.04 5.00
E17381440 MRP MRP International 45 0 1.04 5.00
E17386860 Kanban Kanban Domestic 5 0 0
E17386870 Kanban Kanban Domestic 5 0 0
E17387890 MRP Kanban/CO Domestic 35 0 0
E17387900 Kanban Kanban Domestic 5 0 0
E17389280 MRP Kanban/CO Domestic 35 0 0
E17389290 MRP MRP International 35 4 1.08 4.00
E17393030 MRP Kanban/CO Domestic 35 0 0
E25000456 MRP Kanban/CO Domestic 35 20 5.11 19.00
E40001392 MRP Kanban/CO Domestic 35 30 1.04 4.00
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The total safety cost value of the components and finished assemblies for the current and
proposed policy is shown in Table 7.3 below. The assembly level finished goods inventory
safety stock for the proposed policy is the safety stock computed in the base-stock policy
described in Chapter 6. The value shown in Table 7.3 is for the July to September 2012
period. This is compared with the safety stock for the current policy. Since there is no
systematic policy to manage finished goods assemblies, it is not feasible to compare the
average inventory level for the current and proposed policy.
Table 7.3 Total Safety Stock value for proposed vs. current policy for E11349360
Current Policy Proposed Policy
Assembly Level Finished Goods Inventory 12,520 6,260
Safety Stock Value ($)
Component Level Safety Stock Value ($) 4,674 4,127
Total Safety Stock Value ($) 17,194 10,387
The total savings in safety stock value held is -$6800, which is almost a 40% reduction.
7.3.2 Part No E11305045
The proposed inventory policy is analyzed for the assembly E 11305045
The breakdown of components into Kanban, MRP, consignment and vendor managed
inventory is shown for this assembly in Fig 7.3
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* Kanban
* MRP
* Consignment
Fig 7.2 Component breakdown for E11305045 by inventory management system
The inventory policy for this assembly is detailed in Table 7.3. For each component, details
like part number, type of inventory management system and location of supplier (domestic or
international) are presented. The proposed inventory management system, current and
propose safety stock levels are also shown. The price of each part has not been revealed due
to confidentiality issues.
As per the recommendations outlined in Section 7.2, the components from domestic suppliers
with lead time less than or equal to 35 days are shifted from the MRP system to a Kanban or
Consignment (CO) system. Safety stock is held for long lead time MRP managed
components from international suppliers and certain domestic suppliers if they are critical for
certain customers, for example part E25000139. The current level of safety stock is continued
to be held for consignment parts which are critical to an important customer, for example part
E17457710. The standard deviation of demand is computed over a 3 month forecast horizon
(July to September 2012).
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Table7.4 Recommended Inventory Policy Parameters for E11305045 (Part 1)
Part No Current Inventory Proposed Inventory Supplier Lead Current Std Deviation Recommended Safety
Management System Management System time Safety of Weekly Stock
(days) Stock Demand
6012706 MRP Kanban/CO Domestic 28 0 0
El 1131880 MRP Kanban/CO Domestic 28 0 0
E16290700 MRP Kanban/CO Domestic 29 0 0
E16303330 Kanban Kanban Domestic 5 0 0
E16303340 Kanban Kanban Domestic 5 0 0
E16303350 Kanban Kanban Domestic 5 0 0
E16431950 MRP Kanban/CO Domestic 35 0 0
E17053650 Kanban Kanban Domestic 5 0 0
E17053670 Consignment (CO) Consignment(CO) International 45 8 8
E17075500 MRP Kanban/CO Domestic 35 0 0
E17115630 MRP Kanban/CO Domestic 35 0 0
E17117560 MRP Kanban/CO Domestic 35 0 0
E17243100 MRP MRP International 45 0 3.03 13
E17243111 Consignment (CO) Consignment(CO) International 45 4 4
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Table 7.5 Recommended Inventory Policy Parameters for E11305045 (Part 2)
Part No Current Proposed Inventory Supplier Lead Current Std Deviation of Recommended
Inventory Management System time Safety Stock Weekly Demand Safety Stock
Management (days)
System
E17243190 MRP MRP International 45 0 3.03 13
E17294890 MRP Kanban/CO Domestic 35 40 3.03 12
E17308180 MRP MRP International 45 0 3.68 16
E17318160 MRP MRP International 45 50 3.68 16
E17318630 MRP MRP International 45 0 3.03 13
E17324020 MRP MRP International 45 40 3.03 13
E17457710 Consignment(CO) Consignment(CO) International 45 9 9
E17461720 MRP MRP International 45 0 17.69 74
E17701790 Consignment(CO) Consignment(CO) International 45 4 4
E25000139 MRP Kanban/CO Domestic 35 40 3.6 14
E25000456 MRP Kanban/CO Domestic 35 20 6.24 23
E41000125 MRP Kanban/CO Domestic 35 0 0
E42000194 MRP Kanban/CO Domestic 35 0 0
E55000084 MRP Kanban/CO Domestic 35 0 0
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The total safety cost value for the components and finished assemblies for the current and
proposed policy is shown in Table 7.6 below. The assembly level finished goods inventory safety
stock for the proposed policy is the safety stock computed in the base-stock policy described in
Chapter 6. The value shown in Table 7.6 is for the July to September period. This is compared
with the safety stock for the current policy. Since there is no systematic policy to manage
finished goods assemblies, it is not feasible to compare the average inventory level for the
current and proposed policy.
Table 7.6 Total Safety Stock value for proposed vs. current policy for E11305045
Current Policy Proposed Policy
Assembly Level Finished Goods 11,470 7,557
Inventory Safety Stock Value ($)
Component Level Safety Stock Value 20,745 16,416
($)
Total Safety Stock Value ($) 32,215 23,973
The total savings in safety stock value held is -$8000, which is approximately a 25%
reduction.
7.3.3 Inventory Expediting Costs
The usual practice is to expedite piece part inventory in case of shortage. However, it was not
been possible to quantify the expediting cost for a single instance of shortage. Data obtained
from the logistics group show that expediting costs account for 10% of the inbound
transportation cost for January 2012.
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7.4 Discussion and Summary
Shortage of piece parts is one of the most important reasons leading to a shortage of a Gold
Square assembly which, as seen in Chapter 6 can affect the plant capacity. Without having the
piece parts on hand, it is not possible to maintain the required finished goods inventory of Gold
Square assemblies to maintain a high service level. MRP driven components have frequent
instances of shortages. This is attributed to the absence of safety stock of MRP driven
components, which may lead to piece part shortage if there is an unexpected requirement either
due to yield issues or unpredictable field sales consumption.
The inventory policies proposed in Chapters 6 and 7 are aimed at addressing the problem of Gold
Square shortages - both at finished goods assemblies and piece part level. We see that it is
possible to reduce the total safety stock costs for the overall Gold Square assembly even while
holding safety stock for select MRP driven piece parts. The price of the finished goods
assemblies is much higher than the sum of the piece parts. The savings from reduced finished
goods inventory safety stock from the policy proposed in Chapter 6 is greater than the value of
safety stock held at the component level as described by the policy outlined in Chapter 7. This
also results in savings in expediting costs and improves the service level of the Gold Square
assemblies.
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8. Recommendations and Future Work
The MIT intern team performed a high level analysis of Varian's operations following the
hypothesis-driven methodology outlined in Chapter 3 to identify potential improvement areas for
achieving the management's goal of increasing capacity using existing resources. An in depth
analysis of the most promising avenues were undertaken and divided up among the three interns.
The major recommendations based on the author's analysis are summarized below
8.1 Recommendations for Capacity Management
Redesign the UES and Mixed Module assembly line as illustrated in Figs 5.6 and 5.7 in Chapter
5. The proposed design is expected to increase capacity by 30% while reducing 5 bays on the
shop floor. Increase labor utilization to 81% to achieve a 36 % increase in capacity with the
proposed layout.
The team observed a significant imbalance in the assembly line design, with excess capacity in
the Mixed Module line as compared to the throughput limiting UES line. There was a substantial
imbalance within these lines as well, with some workstation having a much lower cycle time
than the overall line cycle time. Excess capacity from the Mixed Module line could be allocated
to the UES line which would result in an increase in the overall line capacity. The proposed
layout developed using heuristic techniques addressed this imbalance. Simulation results predict
a 30% increase in capacity with the proposed line layout and a 36% increase in capacity with a
higher labor utilization for the proposed layout.
8.2 Recommendations for Inventory Management
Adopt the pull based inventoty system modeled on the periodic review policy detailed in Chapter
6 to manage the finished goods inventory of fist moving high-volume assemblies made by the
supermarket. Use the spreadsheet based tool presented to the inventory management group
which calculates the base-stock and safety stock quantities for the required service levels,
demand parameters and review period desired by the user. Constantlv refine the parameters of
the policy based on continuous monitoring ofperfbrmance indicators like service level, yield and
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criticality of the assembly. Shortage of MRP driven piece parts is a major cause of inadequate
finished goods inventory on the Gold Square shelf Implement the safety stock policy outlined in
Chapter 7 for long lead time MRP driven piece parts procured from international suppliers
required to build these fast moving assemblies. Manage the low lead time MRP piece parts on a
two bin Kanban or consignment system. This is expected to prevent shortage of components due
to deviation in demand from the MRP forecast. The proposed inventory policies are seen to have
between 25% to 40% lower safety stock value than the current policy based on a case study of
two assemblies.
In order to realize the capacity potential it is important to minimize stock-outs of assemblies
which may lead to line starvation or increased labor hours. The most frequently used assemblies
on the line are managed on a make-to-stock basis. However the operating policy for these
assemblies is a major cause for their frequent shortage. The team recommended a periodic
review policy to manage the finished goods assemblies. The parameters of the periodic review
policy were computed for the assemblies feeding the UES line. The proposed policy has lower
total safety stock value than the current policy while ensuring a high service level and being
simpler to execute. Another critical reason for shortage of the make-to-stock assemblies was the
frequent unavailability of the constituent components. Further investigation revealed that there
was no safety stock being held for the MRP driven components and these were expedited if a
shortage occurred. By holding optimal safety stock of long lead MRP driven components which
typically have low value, their service level could be improved and significant savings could be
realized with a lower safety stock of the high value finished goods inventory of assemblies.
8.3 Future Work
The hypothesis tree in Chapter 3 presents a guideline for potential future work in operational
improvements at Varian. One of the promising areas of work is the analysis of the build and test
procedures for the End Station module to identify opportunities for lead time reduction. Study of
the testing process could potentially reveal redundant testing procedures which would reduce
operation time. Analysis of the process flows within the supermarket area can help identify
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opportunities to make the process more streamlined and reduce assembly build lead time, which
will enable lower inventory levels on the shelf.
8.3.1 Capacity Analysis
The capacity analysis model in this work considers only the High Current and Medium Current
machines which are the most common product types made by Varian. The model can be
improved by taking into consideration the High Energy, Solion and PLAD tools and the
consequences of potential changes in the product mix on the plant capacity.
The capacity analysis identifies the maximum labor resources require to achieve the capacity
target without overtime. A sophisticated model could be developed which enables the
management to minimize labor costs by using overtime and multi-tasking of operations in low
utilization bays by a single worker with due consideration to the skill sets of the work force.
8.3.2 Gold Square Inventory Policy
The Gold Square analysis presented for the UES Gold Square assemblies can be extended to the
Mixed Module Gold Square assemblies. Due to time limitations, the lead time through the
supermarket was averaged out over all assemblies. There may be potential to further refine the
policy and thereby realize inventory savings by observing the lead time for individual assemblies
over a large number of samples.
8.3.3 Component Level Inventory Policy
The thesis addresses the problem of shortages in MRP driven piece parts. However an assembly
can be built only if all the required components are present. Parts managed by the vendor
constitute more than 50% of the components in an assembly. A systematic review of the
inventory policy practiced by the vendors for this category of parts and their shortage history has
the potential to identify improvements which can increase their service levels without
significantly increasing inventory costs. The two bin Kanban system can also be reviewed for
improvements. A systematic analysis of the expediting history of piece parts can help quantify
the average cost of expediting a piece part.
108
References
[1] Chengappa, L., 'Operational Improvements in a Semiconductor Capital Equipment
Manufacturing Plant: Resource Optimization, Labor Flexibility and Inventory Management',
Graduate Thesis, 2012, Massachusetts Institute of Technology
[2] Wu, Y., 'Operational Improvements in a Semiconductor Capital Equipment Manufacturing
Plant: Component Level and Assembly Level Inventory Management', Graduate Thesis, 2012,
Massachusetts Institute of Technology
[3] Ch. Hollauer, 'Modeling of Thermal Oxidation and Stress Effects', Institut fur
Mikroelektronik, 2007, http://www.iue.tuwien.ac.at/phd/hollauer/node6.html
[4] Daneshmand, M., 'Lean Manufacturing in a Mass Customization Plant: Improved
Efficiencies in Raw Material Presentation', Graduate Thesis, 2011, Massachusetts Institute of
Technology
[5] Semiconductor Equipment and Materials International - Market Information,
http://www.semi.org/en/MarketInfo/EquipmentMarket
[6] An Introduction to Plasma Source Ion Implantation - University of Wisconsin, Centre for
Plasma Aided Manufacturing, http://silver.neep.wisc.edu/psii
[7] 'Semiconductor Manufacturing Equipment Sales Rose 9% in 2011', March 13, 2012, Solid
State Technology, http://www.electroiq.com/articles/sst/2012/03/semiconductor-manufacturing-
equipment-sales-rose-9-in-2011 .html
109
[8] Chen, W., 'Lean Manufacturing in a Mass Customization Plant: Improvement of Kanban
Policy and Implementation', Graduate Thesis, 2011, Massachusetts Institute of Technology
[9] Discussions with Dr Stanley B Gershwin, Thesis Advisor and Sr. Research Scientist, MIT,
March 2012.
[10] Simchi-Levi, D., Kaminsky P., Simchi-Levi E. Designing and Managing the Supply Chain:
Concepts, Strategies, and Case Studies, McGraw Hill Professional, 2003.
[11] Hopp, W.J., Spearman, M.L., Factorv Physics, 2 "d Edition, Irwin McGraw Hill, 2001
[12] User Directions, Cell Sim Software
[13] Jia, Rui 'Implementation of RFID in a Low Volume High Flexibility Assembly Plant:
Module Component Tracking', Graduate Thesis, 2010, MIT
[14] HBS Toolkit - Basic Operations Self Instructional Workbook,
http://hbswk.hbs.edu/archive/146.html
110
Appendix
A.1 Glossary
General Terminology [141
Bottleneck - the production resource which limits the overall capacity. It is usually the
production resource with the longest cycle time.
Capacity - maximum output rate of a process measured over a period of time
Cycle Time - average length of time between completion of two successive units on the
assembly line.
Manufacturing Lead Time - time spent by each unit in the complete manufacturing or assembly
process.
Operation Time - expected time required to complete a particular operation.
VSEA Company-Specific Terminology
Labor Utilization - Varian calculates labor utilization as the percentage of total available labor
hours that are 'billed' to some machine. Whenever a worker does any build or test work on a
machine, it gets billed to that machine number. Activities like team meetings, training and shop
floor maintenance do not get billed to a machine and account for the complement of the labor
utilization percentage.
Machines/Tools - the ion implantation machines which are assembled and shipped to customers
across the world. It is the highest level of the bill of materials.
Modules - the independently built systems which are integrated to make the machine. Each
machine has four to five modules. They form the second level of the bill of materials
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Assemblies - the functional units which are assembled together on the assembly line to make the
modules. They form the third level of the bill of materials. However some subassemblies may be
shipped separately with the machine.
Piece Parts/Components - the individual parts which are assembled together at the Supermarket
Area to make the subassemblies. These constitute the lowest levels of the bill of materials.
Laydown - setting up the frame, which is the basic structure on which the module is built, on the
designated bay. It is a common practice at Varian for all the modules for a particular machine to
have the same laydown date.
Gold Square - finite buffers for the storage of high-volume fast moving assembly made in the
supermarket for the Universal End Station or Mixed Module line. These assemblies are typically
managed on a make-to-stock policy.
Supermarket - the production cells which build and test the assemblies used downstream.
MOD Storage Area - stores parts needed on the Mixed Module line.
Kit codes - to simplify the pulling of parts from different storage locations, the parts have been
organized into kit codes. A kit for a module can consist of anywhere between 1 to 300 parts.
There are two types of kit codes: Z Pick Kit codes and Z Pick Lists.
Z Kit Codes - codes used for pulling parts stored in external warehouses, Buildings 5 and 80.
Z Pick Lists - kits of parts stored in the locations on the shop floor in building 35. Ex: in the
MOD storage area.
Shortage - the phenomenon of the required quantity of assemblies or piece parts not being
available at the moment when the assembler needs them
Known Shortage - shortages of piece parts which show up on the MRP system when an
availability check is performed.
Unknown Shortage - the phenomenon of piece parts appearing to be available in the required
quantity on the MRP system, but not actually being present on the shelf.
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Transmittal Form -a form to be filled by an assembler indicating the quantity of inventory taken
from a shelf for the purpose of maintaining accurate inventory record in the MRP system.
Field Sales - assemblies or piece parts sold directly to customers for replacement in their fabs or
shipped to inventory banks across the world managed by Varian.
Options - additional assemblies beyond the basic configuration which can be chosen by the
customer to be installed on the ion implantation machines.
Selects - an assembly which is selected by the customer among many options to be installed on
the ion implantation machine.
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